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Chapter 1  
Chapter 1: Literature review 
 
 
 
 
 
 
 
 
 
 
1.1 Overview of forest biomes  
The forest biome is the largest terrestrial ecosystem and covers approximately 4 billion hectares or 
30% of Earth’s land area (FAO, 2006). It has global significance as the largest habitat of the of Earth’s 
terrestrial biodiversity and the greatest source of plant biomass (80%), which contributes as much as 
75% to gross primary productivity (Baldrian, 2017; Pan et al., 2013). As such, forests act as major sinks 
of stored carbon and facilitates biogeochemical cycling of other elements and regulating the global 
climate (Lladó et al., 2017). Characterized by the dominance of trees and layered vegetation, forests 
are distributed across several biogeographic and climate zones (Figure 1.1). Forests also have 
numerous benefits for humans, by offering goods and services such as timber, biofuels, clean water, 
agricultural products (food and medicine) and shelter, cultural and recreational services (Macdicken et 
al., 2015; Pan et al., 2013; Thompson et al., 2011). 
With such fundamental global implications, the ecology of forest ecosystems is of great interest. 
Management practices to preserve such an integral part in ecosystem functioning is the focus of several 
global environmental initiatives (MacDicken, 2015). Recent advances in tools to measure qualitative 
and quantitative changes in forests at high resolution have led to a better understanding of the dynamic 
processes at play, and aid in developing solutions to maintain and improve the world’s forests.  
Definitions of forests often vary depending on administrative, land-use and land cover contexts (see 
Box 1.1 – Defining Forests), however, three main forest types are recognized: boreal or taiga, 
temperate, and tropical forests (Amano et al., 2000; Anon. and FAO, 2016). 
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Figure 1.1 Distribution of terrestrial biomes, including forest biomes, across the globe. Image adapted from Ville Koistinen (user Vzb83) CC 
BY-SA 3.0 (https://commons.wikimedia.org/w/index.php?curid=1700408).
7 
 
The highest terrestrial biodiversity and forest 
carbon stocks are found in tropical forests, 
located about the equatorial belt (Bonan, 2008). 
The high density of evergreen or semi-deciduous 
tree species (200 – 300 trees per hectare) and tree 
species diversity makes tropical forest 
ecosystems vary from region to region, 
compared to boreal and temperate forests, 
which have lower tree species diversity (Condit 
et al., 2002; Malhi et al., 1999). Boreal forests are 
located close to the poles and are characterized 
by a low diversity of coniferous tree species, 
such as pine (Pinus) and spruce (Picea), and a few 
deciduous species such as birch (Betula) and 
poplar (Populus) (Malhi et al., 1999).  
Temperate forests occupy mid-latitude regions 
between polar regions and the Tropics of Cancer 
and Capricorn, respectively in the northern and 
southern hemisphere (Figure 1.1). A prominent 
feature of temperate forests is the sensitivity to 
seasonality, and broad-leaved tree species which 
undergo distinct seasonal changes: growing 
leaves in spring and undergoing leaf fall in the 
autumn, as an adaptation to cold winters (Reich and Frelich, 2002). As the focus of thesis, temperate 
forests are described further.  
1.2 Temperate deciduous forests 
Temperate forests represent 21.8 % of forested area (Crowther et al., 2015), and have been extensively 
impacted by human activity, which has drastically altered their diversity and structure (Augusto et al., 
2002). Since human settlement in temperate regions, communities used forest resources as fuel, 
building materials and converted swaths of land for settlement and agriculture. The advent of the 
industrial revolution in the 18th century placed an even greater demand for forestry products on 
temperate forests in Europe and northern America. Consequently, temperate forests have undergone 
exploitation for much longer and more intensively than tropical and boreal forests (Reich and Frelich, 
2002; Schulze et al., 2016).  
1.2.1 Structure and vegetation type 
Temperate deciduous forests grow in a characteristic four-layer arrangement (Figure 1.2). Mature tree 
species form the forest canopy, the tallest layer. This layer is densest in summer and limits the amount 
of sunlight reaching the understory (Barbier et al., 2008).  
Box 1.1 – Defining Forests 
Administrative: A governing body can declare a 
forest as a legislative region, i.e. “Any lands falling 
within the jurisdiction of Department XYZ”, with 
no relation to vegetation characteristics of the area.  
Land cover: Forests may also be defined by the 
crown cover, i.e. the ground area covered by the 
canopy shade and tree density. Although this 
considers vegetation, the vegetation type is not 
specified and may include urban parks and 
agricultural tree crops.  
Land use: An area is designated a forest based on 
the management practice taking place, from an 
undisturbed (pristine) environment to a region with 
a mixture of natural vegetation and occasional 
management practices which select for beneficial 
forest products, such as logging. 
Based on a global consensus with individual 
countries, the combination of land cover and land-
use is used to define forest biomes. According to the 
Food and Agriculture organization of the United 
Nations (FAO), a forest is as an area with a 
minimum size of 0.5 hectares, 10% canopy cover 
and trees with a minimum height of 5 m.  
From Watson et al., (2000) and FAO, (2016). 
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The sub-canopy lies below the main tree canopy, consisting of smaller trees, young saplings awaiting 
to break into the main canopy, shrubs and small bushes (Senécal et al., 2018). Most plants in this layer 
are shade tolerant and have adapted to the light-limiting canopy (Lu et al., 2016). The herbaceous layer 
grows very close to the forest floor and is made up of ephemeral flowers, mosses and other herbaceous 
species, which have adapted to the closed overstory by flowering much earlier in the spring, before 
the emergence of tree leaves (Fridley, 2012; Gilliam, 2007). 
 
Figure 1.2 Diagrammatic representation of the four vegetation layers of a temperate deciduous forest. 
Height above ground of forest layers is an approximation and is not drawn to scale. Image source 
(Cain et al., 2011). 
Temperate forests can have needleleaf, coniferous species such as fir (Abies) or cedar (Cedrus); 
broadleaf species, such as maple (Acer) or ash (Fraxinus); or a mixture of both leaf forms. In warmer 
temperate regions, in Australasia and South America, broadleaf evergreen species such as Eucalyptus 
and Nothofagus dominate (Ciesla, 2002; Gandolfo et al., 2011). Most temperate broadleaf forests are 
concentrated in the northern hemisphere and comprise deciduous tree species. Hereon, the focus will 
be on European temperate deciduous forests.  
Due to intensive land-use practices, the diversity of European deciduous forests has been greatly 
reduced, and most are dominated by the Fagus genus (beech). Tree species diversity decreases with 
stand age; thus, it is more common to find a monoculture of beech stands, rather than mixed species 
(Decocq et al., 2004). Nevertheless, Central European forests host at least 55 forest tree species, 
extensively reviewed by Schulze et al., (2016).  
9 
 
1.2.2 Forest microbial diversity 
Microorganisms inhabit almost all habitats on our planet including forests and play an important role 
by driving biogeochemical processes, through the decomposition of plant-/animal-derived organic 
material and metabolism of plant root exudates  in forest ecosystems (Thoms and Gleixner, 2013). 
Their small size and diverse functional adaptations enables them to colonise several, often overlapping 
niches within the forest, including vegetation foliage, wood bark and deadwood, atmosphere, 
rhizosphere and rock surfaces, streams, and invertebrates (Baldrian, 2017). As such, microbial habitats 
create continuous connection of all forest layers, in a manner more complex than plant vegetation 
(Baldrian, 2017; Gilliam, 2007). 
1.2.2.1 Soil bacterial diversity 
The soil environment is one of the largest terrestrial reservoirs of microbial diversity (Torsvik and 
Øvreås, 2002). Physical characteristics such as mineral particle size, texture, pore size and content of 
organic and inorganic compounds show large spatial heterogeneity (Fierer et al., 2009). Therefore, as 
an abiotic matrix, it is complex in composition and enables the formation of a multi-layered and multi-
functional habitat for soil bacteria. The soil microbiota consists of soil microfauna, such as nematodes 
and rotifers, fungi and prokaryotes, and plant roots (Baldrian, 2017; Chen et al., 2007; Devetter et al., 
2017). Hereon, the focus will be on soil bacterial communities. 
Understanding drivers of soil bacterial diversity and community structure improves our ability to 
predict structural and functional environmental shifts, ecosystem responses to such shifts, and 
formulate solutions to counter those changes that are detrimental (Nacke, 2011). Bacterial 
communities are prevalent in the rhizosphere and bulk soil. Their distribution is often dependent on 
edaphic properties and aboveground vegetation (Colin et al., 2017; Jeanbille et al., 2016; Mendes et al., 
2013; Prescott and Grayston, 2013). Despite high bacterial taxonomic diversity, and the heterogeneity 
of soils, a ‘fingerprint’ of soil habitats has emerged; most of the bacterial diversity is represented by a 
few phyla (Fierer et al., 2009) mainly, high populations of Acidobacteria, Proteobacteria, Actinobacteria and 
lower populations of Bacteroidetes, and Firmicutes (Herzog et al., 2015; Li et al., 2014b; López-Mondéjar 
et al., 2015; Uroz et al., 2013). Variations in bacterial community structure are the result of disturbances 
in the microhabitat, such as fire, rather than global changes in the parent soil material (Fierer et al., 
2009).  
Soil pH is an important predictor of bacterial diversity and structure (Lauber et al., 2009; Romanowicz 
et al., 2016), as dominant phyla have shown significant changes along pH gradient (Peralta et al., 2013; 
Tripathi et al., 2013; Uroz et al., 2016). However, taxa-specific patterns in vertical stratification have 
also been documented, whereby bacterial diversity decreased with increasing soil depth  due to a 
decrease in soil organic matter and nutrients (Eilers et al., 2012; Lladó et al., 2017; López-Mondéjar et 
al., 2015). 
1.2.2.2 Impact of tree species on soil bacterial communities 
As the dominant vegetation type, trees make the central force around which forest productivity 
rotates. The relationship between aboveground plant diversity and belowground microbial diversity is 
of significant ecological interest, due to the complex interactions between biotic and abiotic drivers of 
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ecosystem functioning. Aboveground tree diversity alters the soil environment through the chemistry 
of litterfall, nutrient uptake at the roots and efficiency in water and light use (Lang and Polle, 2011; 
Langenbruch et al., 2012). At the interface, microorganisms mediate  the transformation of nutrients 
for forest carbon and nitrogen stocks, and sulfur and phosphorus for the global biogeochemical cycle 
(Cline et al., 2017).  
Bacteria, which are present in all ecological niches in the forest, participate at all levels of biochemical 
transformation processes (Figure 1.3) (Lladó et al., 2017). Bacterial communities generally carry out 
reactions associated with a subset of a biogeochemical pathway, instead of the complete pathway 
(Castelle and Banfield, 2018). Elements from this pathway may be used as reaction intermediates in a 
different cycle. This results in the coupling of biogeochemical cycles, whereby the availability of 
elements from one cycle limits some pathways of another biogeochemical cycle (Castelle and Banfield, 
2018; Finzi et al., 2011; Schlesinger et al., 2011). 
Soil bacteria are involved in mineralization processes and conduct nutrient uptake from plants through 
the degradation of lignocellulosic material or metabolism of exudates at the root/soil interface. 
Nutrient exchange takes place more efficiently at the fine root/soil interface rather than in large, coarse 
and woody roots (Kubisch et al., 2015). Fine-root biomass is a species-dependent trait in trees and 
determines the surface area available for nutrient exchange. Additionally, as fine root colonization 
decreases with depth, associated bacteria tend to inhabit the uppermost horizons of topsoil (0 – 10 
cm) (Thoms et al., 2010). Lastly, fine root tissue retains transient concentrations of C and N (Jacob et 
al., 2013; Kubisch et al., 2015), another trait that is tree species-specific. Taking all into consideration, 
these traits have potential to select for specific bacterial groups with the ability to exploit available 
resources. 
Bacteria act as decomposers on litterfall and deadwood. Different functional traits in trees affect the 
quality of litter and deadwood debris, which in turn influence microbial communities differently (Lang 
and Polle, 2011; Seven and Polle, 2014), and promote preferential colonization by some taxa and not 
others. Bacteria are especially more sensitive to differences in nutrient quality, thereby resulting in a 
complex taxonomic structure.  
Rates of decomposition in forest litter are tree species-dependent and likely to limit some bacteria 
(Cesarz et al., 2013b). Consequently, indicators of litter quality such as the carbon to nitrogen (C/N), 
carbon to phosphorus (C/P) and lignin to nitrogen (N) ratios are negatively correlated with 
decomposition rate, whereas N to calcium (Ca) ratio is positively correlated, are also plant-specific 
(Jacob et al., 2010).  The availability of litter influences rates of nutrient uptake by soil bacteria, 
therefore, only growth-limiting decomposition reduces the diversity of soil bacteria in beech stands 
(Thoms and Gleixner, 2013), as beech trees produce low quality, recalcitrant litter which lowers soil 
pH (Pfeiffer et al., 2013). 
Root exudates have garnered interest in their ability to impact bacterial community structure and 
composition. Studies on root exudates are not as numerous as those of forest plant litter, however, 
research indicates that exudates contain primarily labile compounds (Cesarz et al., 2013a) such as 
sugars and carbohydrates, amino acids, organic acids, secondary metabolites (Eisenhauer et al., 2017; 
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Zhalnina et al., 2018; Zwetsloot et al., 2018), and are therefore sources for C and N. Through root 
exudation, plants are able to recruit only certain beneficial soil bacterial communities in their 
environment (Zhalnina et al., 2018). Söderberg et al. (2004) demonstrated that the change in root C 
inputs, decrease in decomposable sugars and amino acids caused Gram-negative bacterial biomass to 
decrease with increasing soil depth and decreasing root mass, in contrast to Gram-Positive bacteria. 
Soil exchangeable C and N, and K vary with soil depth, and together with pH, act to restrict the growth 
of gram negative bacteria (Söderberg et al., 2004). 
An overarching contributor to changes in tree functional traits is seasonality. As mentioned in section 
1.1, seasonal changes characterize temperate deciduous forests. Changing temperatures induce 
changes in functional traits, such as leaf emergence and leaf-fall, the quality, quantity and timing of 
which are tree-specific (Rasche et al., 2011). Additionally, this directs the time at which nutrients, such 
as C and N, are available and thus indirectly affects ecosystem productivity (Kaiser et al., 2010). A 
feedback mechanism exists between plants, microbial communities and the environmental parameters 
of the habitat, such that a limitation in one component will bring about changes in all; however, the 
precise pathways of this mechanism are not well understood. 
Forest management initiatives aim to increase forest productivity by the introduction of mixed species 
of forest stands. Mixed forest stands are advantageous over monocultures as they increase the 
substrate pool of available nutrients by offering complementary nutrient sources (Cardinale et al., 
2012; Dawud et al., 2016).  It remains to be seen whether tree species identity or tree species diversity 
are the drivers of productivity, and soil microbial composition. While this has been a successful 
dynamic in grasslands or microcosms (Eisenhauer et al., 2017), the same approach in temperate 
deciduous forests has variable outcomes (Khlifa et al., 2017).
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Figure 1.3 Diagrammatic representation of above ground and belowground interactions between forest vegetation and soil bacterial 
communities, as part of key biogeochemical cycles. Coloured arrows represent transfer of elements among different ecological niches. 
Image source: Lladó et al. (2017). 
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1.3 Research overview and design 
The thesis is part of the Research Training Group 1086 “The Role of Biodiversity for Biogeochemical 
Cycles and Biotic Interactions in Temperate Deciduous Forests”, under the sub-project “A - 
Biodiversity analyses and biotic interactions”. Research aims to identify key relationships between tree 
species diversity and productivity, well as the implications for biotic interactions among organisms in 
a temperate deciduous forest. 
1.3.1 The Hainich National Park 
All projects were carried out in the Hainich national park (Thuringia, Germany), the largest continuous 
wooded area in Germany. Previous silvicultural activities included coppicing and logging; however, all 
management activity ceased in 1990, and is therefore considered a semi-natural environment 
(Guckland, 2009). The area was declared a national park in 1997, and since 2011, a UNESCO World 
Heritage (Sommer, 2016). The forest grows on loess-derived Stagnic Luvisol on Triassic lime stone 
parent rock, with a pH range between 4.5 ± 0.5 and 5.8 ± 0.6 (Cesarz et al., 2013b). The tree layer is 
dominated by European beech (Fagus sylvatica) which covers more than 95% of the forest, with mature 
trees reaching an age of approximately 200 years (Seven, 2014). Interspersed within the beech 
community are ash (Fraxinus exelsior), maple (Acer sp.), lime or linden (Tilia sp.), oak (Quercus sp.), 
hornbeam (Carpinus betulus), Scotch elm (Ulmus glabra) and sweet cherry (Prunus avium) species (Seven, 
2014).  
 
Figure 1. 4. Map of Hainich National Park in Thuringia, Germany (inset). Red point marks the location 
of the sampling area (51°05’37.0 N, 10°30’10.6 E). 
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The study was conducted on a 25-h area with four main tree species: beech, hornbeam, lime and oak. 
Oak species in this area comprised Q. petraea and, to lesser extent, Q. robur, while lime species belonged 
to T. cordata Mill (dominant) and T. platyphyllos (Schmidt et al., 2015). Trees belong to the Rosid clade; 
however, lime belongs to the Marvales order and is far removed from beech, hornbeam and oak, which 
belong to the Fagales order. Additionally, beech and oak belong to the Fagaceae family, unlike 
hornbeam, which belongs falls under Betulaceae.  
1.3.2 Objective of thesis 
Previous studies on the Hainich forest dynamics from the group concentrated on demonstrating the 
influence of tree species on endo/ectomycorrhizal interactions (Lang, 2008; Seven and Polle, 2014). 
This work aims to investigate tree species diversity and their impact on belowground soil bacterial 
community in a temperate deciduous forest, with the following specific aims:  
1. To examine soil bacterial taxonomic structure and functional diversity as a function of tree 
species diversity, focusing on mono-specific and mixed species stands of beech, hornbeam, 
lime and oak trees (Chapter 2). 
2. To recover potentially novel biocatalysts from the forest soil environment through a culture-
independent approach: the construction of short-insert metagenomic plasmid libraries to 
screen for lignocellulosic enzymes (Chapter 3). 
3. To characterize a biocatalyst from a metagenome-derived clone, as the first step to harvesting 
the soil metagenome for industrially relevant enzymes (Chapter 4).   
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2.1 Abstract 
Amplicon-based analysis of 16S rRNA genes and transcripts was used to assess the effect of tree 
species composition on soil bacterial community structure and function in a temperate deciduous 
forest. Samples were collected from mono and mixed stands of Fagus sylvatica (beech), Carpinus betulus 
(hornbeam), Tilia sp. (lime), and Quercus sp. (oak) in spring, summer and autumn. Total (DNA-based) 
and potentially active (RNA-based) soil communities exhibited a similar composition, with fewer taxa 
comprising the active community. Members of Xanthobacteraceae and Bradyrhizobiaceae dominated both 
total and active bacterial communities, followed by Acidobacteriales and Solibacterales (Acidobacteria), 
Rhodospirillales and Xanthomonadales (Proteobacteria). Bacterial communities at total and active community 
level significantly responded to tree species identity (mono stands) and to a lesser extent to tree species 
richness (mixed stands). Approximately 58 and 64 % of significant indicator OTUs were associated 
with only one mono stand at total and active community level, respectively, indicating a strong impact 
of tree species on soil bacterial community composition. Soil C/N ratio, pH and P content exhibited 
significant impact on soil bacterial communities and were attributed to direct and indirect effects of 
forest stands. Seasonality was the strongest driver of predicted metabolic functions related to C 
fixation and degradation, and N metabolism. Both processes were significantly abundant in spring, 
while C degradation gene abundances increased from summer to autumn, corresponding to increased 
litterfall and decomposition. These results provide insight into specific tree species-mediated 
mechanisms that structure belowground bacterial communities. 
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2.2 Introduction 
Forests offer many ecosystem services of ecological and economic significance (Cardenas et al., 2015). 
They provide a diverse, multi-layered habitat for most terrestrial plants and animals, and resources for 
humans ranging from timber to recreational facilities (Wood et al., 2017). The high biodiversity of 
forests makes them important drivers of primary productivity (approximately 50%) and a major global 
sink for carbon (approximately 45% of global stocks) (Bonan, 2008). It is important to establish 
sustainable management practices, (Parviainen and Frank, 2003), to maintain high productivity 
(Cardenas et al., 2015; Schulze, 2017). 
Soil acts as an essential biological matrix in which microbial communities execute key ecosystem 
functions, including biogeochemical cycling through decomposition and mineralization, processes 
mediated by prokaryotes and fungi (Lladó et al., 2017; Uroz et al., 2016). Factors shaping soil microbial 
community structure are crucial for predicting how bacterial-mediated processes drive ecosystem 
responses to environmental change (Nemergut et al., 2014).  
Soil bacterial communities are shaped by several edaphic factors, including soil texture and chemistry, 
and biotic factors such as plant roots, aboveground litter and other decomposing organic matter 
(Thoms et al., 2010). Management regimes, which range from intensely managed agricultural land to 
undisturbed forested environments, have demonstrated the high impact of human-driven activities in 
shaping soil bacterial community structure and function (Mendes et al., 2014; Schneider et al., 2015b; 
Veresoglou et al., 2015).  
Plant species significantly alter bacterial diversity (Schlatter et al., 2015). In forests, trees exert a 
stronger influence on the soil than other perennial vegetation due to their longevity. Over time, 
changing features such as forest canopy, root biomass and exudates, as well as oxygen and water 
consumption change soil temperature, chemistry, porosity and soil moisture (Augusto et al., 2002, 
2015), which in turn shape belowground bacterial communities. The extent to which soil bacteria are 
shaped by trees depends on the tree species and the stand type and concentration (mono species or 
mixed species stands), in addition to macroflora and micro/macrofauna associated with the trees 
(Klimek et al., 2016; Uroz et al., 2016).  
Only a limited number of studies are available for forest tree species effects on bacterial community 
structure and function, compared to grassland or agricultural ecosystems. Nacke et al. (2011) 
compared mono-specific stands of beech and spruce, demonstrating a strong effect of tree species 
and pH, with higher bacterial diversity in beech stands. Pfeiffer et al. (2013) conducted mesocosm 
experiments simulating the forest environment of the Hainich national park with single and mixed 
species of five different trees, showing that beech and ash had a strong effect on soil bacterial 
community richness and evenness. A pan-European study on land-use intensity and microbial co-
occurrence indicated that forest soil communities form far richer networks than grassland or farmed 
soils (Creamer et al., 2016).  Furthermore, studies focused on forest stand influences on both entire 
and active bacterial community carry out their studies in soils with wide spatial heterogeneity (Chodak 
et al., 2016; Klimek et al., 2016; Siles and Margesin, 2017). Therefore, the impact of trees is not fully 
reported. Despite frequent referencing of the abiotic environment, particularly pH, as a strong driver 
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of microbial diversity (Kaiser et al., 2016; Lauber et al., 2008), nevertheless, tree species can exhibit a 
stronger impact on community structure than the soil environment (Bonito et al., 2014).   
The aim of this study was to investigate the influence of tree species on soil bacterial communities in 
a broad-leaved temperate forest, the Hainich National Park (Figure 1A and B). The park is the largest 
unmanaged deciduous, broad-leaved forest ecosystem in central Germany, situated near the village of 
Weberstedt (350 m a.s.l; 51°05’37.0 N, 10°30’10.6 E) (Mölder et al., 2006; Schmidt et al., 2015). The 
limestone bedrock is covered by Stagnic Luvisol soil, which contains high silt (approximately 74%) 
and low sand contents (less than 5%) (Guckland et al., 2009). The region has a typically semi-humid 
climate with mean annual temperature of 7.7 °C, mean annual precipitation of approximately 590 
mm/year. Former management activities included coppicing with standards and selective logging. 
Since the 1960s, the area underwent very minor management, which were discontinued after its 
declaration as a national park in 1997 (Kubisch et al., 2015). The environment is therefore described 
as a natural ecosystem. Core tree species in the mixed-forest ecosystem include the European beech 
(Fagus sylvatica), small-leaved and large-leaved lime (Tilia cordata Mill. and T. platyphyllos Scop., 
respectively), oak (Quercus petraea and Q. robur), and hornbeam (Carpinus betulus) (Mölder et al., 2006). 
We hypothesized that i) tree species identity drives bacterial community diversity and structure at 
entire and potentially active bacterial community level, ii) metabolic functions are also driven by tree 
species. We predicted that pure (mono species) and mixed stands are responsible for changes in soil 
physicochemical properties and that bacterial communities in different stands are shaped by season 
but to a lesser extent than by tree species. In addition, functional profiles of the soil bacterial 
communities with respect to tree species were predicted and compared. We hypothesize that bacterial 
metabolic function follows stand-specific composition. 
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2.3 Methods and materials 
2.3.1 Sample site description 
The study was conducted over a 25-ha area in the Hainich National Park located in Thuringia, 
Germany (Figure 2.1A and B). Recorded values for mean annual temperature and precipitation for 
the study year 2012 were 9.5 °C and 470 mm/year, respectively. Data were retrieved from the nearby 
weather station at Weberstedt. The sample sites were selected based on the following criteria: a) each 
stand should have a similar surrounding tree species composition displayed, b) trees must have be 
actively growing and have a well-defined canopy and c) homogeneity in soil parameters including 
colour, texture, drainage and slope of sampling area at initial sampling. Individual stands consisted of 
4 to 8 trees, with an area between 68 – 313 m2. Mono-species stands (hereafter referred to as mono 
stands) comprised beech, hornbeam, lime and oak, while mixed-species stands (hereafter referred to 
as mixed stands) consisted of three out of the four tree species: BHL (beech, hornbeam, lime), BHO 
(beech, hornbeam, oak), BOL (beech, oak, lime) and HOL (hornbeam, oak, lime). Each stand was 
replicated 6 times, resulting in a total of 48 plots (Figure 2.1C). 
 
Figure 2. 1. Area of study in the Hainich national park. A) Map of Germany showing location of the 
Hainich national park in Thuringia, Germany (51°05’37.0 N, 10°30’10.6 E). B) Boundary of the Hainich 
national park. C) Plan view of the sampling area showing distribution of mono stands and mixed 
stands used for sample collection. Abbreviations stand for the following tree species associations in 
mixed stands: beech-hornbeam-lime (BHL), beech-oak-hornbeam (BHO), beech-oak-lime (BOL) and 
hornbeam-oak-lime (HOL). 
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2.3.2 Sampling and environmental nucleic acid isolation 
Soil samples were collected in the spring (April), summer (July) and autumn (September) of 2012. Two 
soil cores (10 cm in diameter, 5 cm depth) from the A horizon (topsoil) were extracted from randomly 
selected polar sites within a plot and pooled to generate a composite sample. To preserve 
environmental DNA and RNA, samples were stored at – 20 °C and – 80 °C, respectively. 
Determinations of soil physicochemical properties such as nitrogen (N), carbon (C), phosphorus (P) 
content, carbon/nitrogen (C/N) ratio and moisture content were performed and described by 
Schmidt et al. (2015) and are presented in Supplementary Information (Figure S2.1). 
Extraction of environmental DNA and RNA was, performed with the MoBio Powersoil DNA 
isolation kit and RNA Powersoil Total RNA isolation kit, respectively, as recommended by the 
manufacturer (MoBio Laboratories, Carlsbad, USA). Minor modifications were performed in the 
extraction of total RNA as follows: after eluting bound RNA from the RNA Capture column, a 2.5-
fold volume of ethanol and 0.1-fold volume of 3 M sodium acetate (pH 5.2) were added to the RNA, 
vortexed and stored at – 80 °C until required. To recover RNA solutions were centrifuged at 10,000 
x g for 1 h (4 °C), subsequent ethanol/sodium acetate supernatants were discarded, and RNA pellets 
were dried before suspension in 100 µl distilled water. Residual DNA was removed from extracted 
RNA by using TURBO DNA-Free kit (Ambion Applied Biosystems, Darmstadt, Germany), and 
confirmed by 16S rRNA gene PCR according to Wemheuer et al. (2012). Resulting RNA was 
concentrated with the Rneasy MinElute cleanup kit (Qiagen GmbH, Hilden, Germany). 
Quantification of DNA and RNA concentrations was performed with the NanoDrop ND-1000 UV-
Vis spectrophotometer by following the instructions of the manufacturer (Peqlab Biotechnologie 
GmbH, Erlangen, Germany). Purified RNA (approximately 300 – 400 ng) was converted to cDNA 
using SuperScript III reverse transcriptase (Invitrogen, Karlsruhe, Germany) and the bacterial reverse 
primer V5rev_B (5’- CTATGCGCCTTGCCAGCCCGCTCAG-MID-
CCGTCAATTCMTTTGAGT-3’) (Wang and Qian, 2009).  
Environmental DNA and cDNA were used as template to amplify the V3-V5 regions of the 16S 
rRNA gene by PCR. The 50 µl PCR reaction mixture contained 25 ng of environmental DNA or 
cDNA as template, 10 µl of 5X Phusion GC buffer, 0.2 µM of each of the four deoxynucleoside 
triphosphates (dNTPs), 0.4 µM of each primer, 2.5 µl DMSO, 0.15 µl MgCl2 and 1 U of Phusion high-
fidelity DNA polymerase. The V3-V5 region was amplified with the following set of primers 
comprising the Roche 454 pyrosequencing adaptors (underlined), a key (TCAG), a unique 10-bp 
multiplex identifier (MID) and template-specific sequence per sample: the forward primer V3for_B 
(5’- CGTATCGCCTCCCTCGCGCCATCAG-MID-TACGGRAGGCAGCAG-3’) and reverse 
primer V5rev_B 5’- CTATGCGCCTTGCCAGCCCGCTCAG-MID-
CCGTCAATTCMTTTGAGT-3’) from Liu et al. (2007) and Wang and Qian, (2009), respectively. All 
PCR reactions were performed in triplicate employing the following thermal cycling parameters for 
amplification: an initial denaturation at 98 °C for 5 min, followed by 25 cycles of denaturation at 98 °C 
for 45 s, annealing at 65 °C for 45 s and extension at 72 °C for 30 s, and a final extension at 72 °C for 
5 min. Resulting amplicons were analysed by gel electrophoresis for size, pooled and purified with the 
Qiagen Qiaquick gel extraction kit as recommended by the manufacturer (Qiagen GmbH, Hilden, 
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Germany). Quantification of amplicons was determined by using the Quant-iT dsDNA BR assay kit 
and Qubit fluorometer as recommended by the manufacturer (Invitrogen GmbH, Karlsruhe, 
Germany). Amplicon sequencing was performed by the Göttingen Genomics Laboratory with the 454 
GS-FLX pyrosequencer and titanium chemistry as recommended by the manufacturer (Roche, 
Mannheim, Germany). 
2.3.3 Processing of 16S rRNA gene sequence data and statistical analyses 
The resulting 16S rRNA gene and transcript sequences were processed and analysed with the QIIME 
(1.9.1) software package (Caporaso et al., 2010) by employing the scheme outlined by Schneider et al. 
(2015a). This involved removal of sequences shorter than 300 bp, containing unresolved nucleotides, 
exhibiting a low average quality score (< 25) or harbouring long homopolymers (> 8 bp). Forward 
and reverse primer sequences were removed with the split_libraries.py script. Remaining reverse primer 
sequences, pyrosequencing noise and chimeric sequences, were removed with cutadapt (Martin, 2011), 
Acacia (Bragg et al., 2012) and UCHIME (Edgar et al., 2011), respectively. Operational taxonomic 
units (OTUs) were assigned at 97 % genetic similarity (species-level), by employing the UCLUST 
algorithm (Edgar, 2010) and the pick_open_reference_otus.py script, against the Silva database. Taxonomic 
classification of subsequent OTUs was performed by using similarity searches with BLAST (Altschul 
et al., 1990) against the Silva SSU database release 128 (Quast et al., 2013). The filter_otu_table.py script 
was used to remove singletons, chloroplast sequences, extrinsic domain OTUs and unclassified OTUs.  
For all statistical tests, a p-value of ≤ 0.05 was regarded as significant. Alpha and beta diversity indices 
and rarefaction curves were calculated with QIIME by using alpha_rarefaction.py employing the same 
level of surveying effort (13,000 randomly selected bacterial sequences per sample). Additional 
analyses were performed in R (R Development Core Team, 2017). Non-metric multidimensional 
scaling (NMDS) was performed with the ‘vegan’ package (Oksanen et al., 2015), employing weighted 
UniFrac distance matrices to calculate beta diversity (Lozupone et al., 2011). Environmental 
parameters were fitted on the NMDS with the envfit function of the ‘vegan’ package in R (Gergs and 
Rothhaupt, 2015). A combination of analysis of similarities (ANOSIM) and permutational multivariate 
analysis of variance (PERMANOVA), implemented in QIIME, was used to improve robustness of 
multivariate analyses on the effect of tree stands on bacterial community using weighted uniFrac 
distance matrices (Hartmann et al., 2015). Association networks between tree species and OTUs were 
determined by mapping significant point biserial correlation values calculated by the ‘indicspecies’ 
package in R (De Cáceres, 2013). Subsequent network visualisations for taxa/tree stand associations 
were generated with Cytoscape v3.5 by using the ‘edge-weighted spring embedded layout’ algorithm, 
whereby network edges were weighted by association value (Cline et al., 2007; Shannon et al., 2003). 
Prediction of functional pathways and corresponding enzymes was performed with Tax4Fun 
(Aßhauer et al., 2015). Subsequent NMDS ordinations and boxplots were calculated with the vegdist 
function in ‘vegan’  and ‘ggplot2’ package, respectively (Wickham, 2009). 
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2.3.4 Accession numbers 
The 16S rRNA gene and transcript sequences were deposited in the National Center for 
Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the accession number 
PRJNA342582.  
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2.4 Results and Discussion 
2.4.1 Edaphic properties reflect stand-related variations 
Soil properties retrieved from Schmidt et al. (2015) reveal distinct patterns with respect to mono and 
mixed stands. Edaphic parameters displayed significantly different stand-specific variations (p <0.05), 
except for moisture content (Figure S2.1, Supplementary material). Among mono stands, lime 
exhibited the highest mean pH (5.9±0.6). Beech and oak shared a similarly low pH environment 
(4.6±0.3 and 4.5±0.5, respectively). Lime-associated stands displayed pH values of 5.4±0.4 (BOL) and 
5.2±0.5 (HOL), whereas beech and hornbeam-associated mixed stands ranged from 5±0.43 (BHL) to 
4.8±0.8 (BHO).  
The highest carbon to nitrogen (C/N) ratio was recorded in beech (15.2±0.7) and oak (16.1±1.3) 
mono stands and the lowest in lime mono stands (12.4±0.6). Corresponding beech and oak mixed 
stands (BHO and BOL) also had higher C/N ratios (15.5±3.5 and 15±4.1 respectively) compared to 
lime-hornbeam mixed stands, BHL (13.2±0.7) and HOL (13.1±0.2). Plant available phosphorus (P) 
was consistently higher in soils of hornbeam and lime mono stands (585±240 and 536±109 mg/kg, 
respectively), while beech and oak had significantly lower P content (340±41 and 335±58 mg/kg, 
respectively) than hornbeam and lime mono stands. Furthermore, hornbeam and lime-associated 
stands (BHL and HOL) exhibited significantly higher P content than beech and oak-associated stands 
(BHO and BOL).  
Carbon/nitrogen ratios between 8 and 16 indicate complete breakdown of organic material and, 
consequently, higher nutrient availability while phosphorus is an essential component for the growth 
and maturity of plants (Lang et al., 2016; Lauber et al., 2008). Therefore C/N and P content are used 
as indicators of soil productivity. Low C/N ratios, high available N and pH, as observed in lime mono 
stands, promote tree productivity (Figure S2.1).  In contrast, beech and oak mono stands exhibited 
higher C/N ratios, low soil available nitrogen and low pH. One explanation is that lime litterfall  has 
a higher decomposition rate compared to beech litter and contributed to the observed effect on soil 
chemistry (Jacob et al., 2009; Scheibe et al., 2015). The results present a clear impact of tree species 
identity on soil characteristics. This is confirmed in a study, also from the Hainich national park, that 
demonstrated similar soil acidification in beech stands in comparison to ash and lime species 
(Langenbruch et al., 2012).  
Generally, traits observed in mono stands were also recorded in associated mixed stands. Beech and 
oak mixed stands (BHO and BOL) exhibited an effect similar to individual beech and oak mono 
stands, whereas hornbeam and lime mixed stands (BHL and HOL) show traits similar to hornbeam 
and lime mono stands. This indicates that tree identity and stand type create distinct 
microenvironments. Mixed stands produce intermediate effects in stand productivity compared to 
mono stands.  The ability of individual species in mixed stands to promote stand growth (facilitation) 
or compete for nutrient resources (competition) is species dependent (Cavard et al., 2011; Jacob et al., 
2013; Schmidt et al., 2015).  For example, lime grows better in mono stands, but in mixed stands it 
improves overall stand productivity by contributing litter high in pH and low in C/N and lignin (De 
Jaegere et al., 2016; Schmidt et al., 2015)  Nevertheless, the results consistently showed a more acidic 
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environment of beech- or oak-dominated stands, compared to lime- or hornbeam-dominated stands, 
as previously reported (Berger and Berger, 2014; Brunet et al., 1997; Falkengren-Grerup et al., 1998; 
Salehi et al., 2007). 
2.4.2 Stand-specific patterns in bacterial richness and diversity 
Soil DNA and RNA were collected from a temperate forest soil environment. Subsequently, soil 
bacterial community structure was determined based on 16S rRNA gene and transcript analyses. After 
processing, quality-filtering and taxonomic clustering at 97% similarity, 40,385 for entire (DNA-based) 
and 52,277 OTUs for active (RNA-based) bacterial communities were recovered for analyses (Table 
S2.1). The higher number of bacterial OTUs in the active community is in contrast to some other 
studies of bacterial community diversity in forest (Baldrian et al., 2012; Romanowicz et al., 2016) and 
grassland soils (Herzog et al., 2015). However, Gill et al. (2017) reported higher RNA-based OTUs 
from urban soils, similar to our results. We attribute the different abundances in total and active 
communities to the detection of very low-abundant but active rare taxa at RNA level. 
Diversity indices showed several consistent significant patterns in mono and mixed species tree stands 
with respect to species richness and evenness, as indicated by Shannon (H’), Chao 1 and phylogenetic 
diversity (PD) (p <0.1) (Figure S2.2). Rarefaction curves were close to saturation and, in addition, 
Good’s coverage estimator across all stands remained above 75 %, indicating that the sampling effort 
recovered most of the observed bacterial diversity.  
Amongst mono stands, lime showed the highest bacterial community richness (H’ 10.5±0.3; PD 
169±33), in both total and active communities. Beech mono stands were similar to hornbeam mono 
stands, and the corresponding mixed stand BHO (H’ 10.1±0.2; PD 159±24). Lime-associated mixed 
stands (BOL and HOL) were very similar to lime mono stands (H’ 10.4±0.3; PD 170±32). Oak mono 
stands showed significantly lower bacterial richness and diversity (H’ 9.8±0.4; PD 140±27) compared 
to other mono stands. We assume that the bacterial richness and diversity differences are due to tree 
species-specific effects on the bacterial community. Changes in bulk soil chemistry, i.e. pH differences, 
drive bacterial community structure and diversity (Jeanbille et al., 2016). Chemical changes exerted on 
soil by trees subsequently impact belowground bacterial communities (Thoms et al., 2010). In our 
study, this effect resulted in lime mono stands having the highest bacterial richness and diversity, while 
oak had the lowest. Favourable physiological conditions (high pH, low C/N ratio, high exchangeable 
P) in lime and hornbeam mono stands promote bacterial diversity compared to the acidic environment 
of beech and oak mono stands. Studies in a mixed deciduous forest showed similar bacterial 
community response to mono stands and 2-species mixed stands of lime, oak and alder (Alnus sp.), 
birch (Betula sp.), larch (Larix sp.) and spruce (Picea sp.) (Šnajdr et al., 2013; Urbanová et al., 2015).  
2.4.3 Tree species effect of bacterial community structure 
Multivariate analyses confirmed that bacterial communities are distinct and can be delineated along 
tree species (tree species, p = 0.001, r2 = 0.506) (Figure 2.2A and Table S2.2). Communities of each 
tree species group similarly in the total and active community (template, p = 0.001, r2 = 0.439).  A 
pattern in which communities in mono stands are separate from those in mixed stand was also 
detected (stand type, p = 0.043, r2 = 0.068). An exception was for bacterial communities in hornbeam 
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mono stands, which grouped with mixed stands. Results of the NMDS were supported by ANOSIM 
and PERMANOVA tests, which indicate that tree species (p = 0.001, ANOSIM and PERMANOVA) is a 
strong driver of bacterial community structure at total and active community level (Table S2.2). Stand 
type as a driver of community structure was detected in the potentially active community (p = 0.002 
and p = 0.044, ANOSIM and PERMANOVA, respectively). Seasonal effects in our data were less 
pronounced (season, p = 0.858, r2 = 0.0142). The results supported the trends observed during alpha 
diversity analysis, in which bacterial richness and evenness follow stand-specific variation, and confirm 
our hypothesis that trees drive bacterial composition. 
ANOSIM and PERMANOVA analyses indicate that season had no significant impact on composition of 
the total community (p = 0.464 and 0.529, respectively), but ANOSIM showed a significant seasonal 
impact on active communities (p = 0.038). Although temporal seasonality is an important factor in 
temperate deciduous forests, which influences plant phenology, and subsequent root exudation and 
nutrient uptake processes (Oh et al., 2012), it does not have a strong effect on bacterial beta diversity, 
An experimental warming experiment of a temperate forest soil only showed a shift in bacterial 
community composition after 20 years, and only in the organic horizons (DeAngelis et al., 2015). An 
explanation is that small changes in bacterial community composition across seasons are driven instead 
by ‘conditionally rare taxa’ that periodically increase during favourable environmental changes (Shade 
et al., 2014).   As environmental RNA almost exclusively originates from viable organisms (Moran et 
al., 2013; Pochon et al., 2017), the active community is more sensitive to environmental disturbance 
than the total community (Pochon et al., 2017). 
Edaphic parameters also contributed significantly to shape the bacterial community (p = 0.001) (Figure 
2.3B and C, Table S2.2). Soil pH, P, N and soil moisture showed greater impact on bacterial 
communities in lime and hornbeam mono stands, and in the corresponding BHL, BOL and HOL 
mixed stands. However, bacterial communities in beech and oak mono stands, and the BHO mixed 
stand responded to an increase in C/N ratio. Nutrient availability in soil has been linked to soil 
bacterial structure (Bergkemper et al., 2016). Our results show that the nutrient-rich soils of lime and 
hornbeam mono stands possess bacterial structures, which are distinct from that in comparatively 
nutrient-reduced soils in beech and oak mono stands.  
Rather than tree species richness (mixed stands), tree species identity (mono stands) contributes to 
bacterial diversity and structure. A study in a mixed deciduous forest demonstrated a similar 
correlation of microbial diversity with tree species identity, while species richness influenced microbial 
composition (Khlifa et al., 2017). Plant-specific traits such as fine root biomass and density contribute 
to nutrient availability in soil by producing i.e. root exudates (Thoms et al., 2010). Beech stands were 
shown to have higher fine root biomass than hornbeam or lime (Jacob et al., 2013), which could have 
a stronger impact on bacterial communities than other mono stands. However, beech showed no 
overyielding of root biomass in mixed stands (Jacob et al., 2013; Langenbruch et al., 2012). This 
explains how the impact of mixed stands on bacterial communities is often similar to the constituent 
mono stands, as little competition exists in fine roots. A significant change in soil bacterial community 
was observed with increasing horizontal distance from trees and demonstrated shifts in nutrient 
availability, such as decreasing concentrations of organic nitrogen compounds (Nacke et al., 2016). 
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Figure 2. 2. Non-metric multidimensional scaling (NMDS) ordination of soil bacterial communities in 
mono and mixed stands of a temperate deciduous forest. Ordination employed weighted UniFrac 
distance matrices of OTUs. Samples are grouped according to season (n = 3) and represent data 
collected from 48 mono and mixed-species stands in the Hainich national park. A) NMDS plot for total 
and active community. B) and C) NMDS plots for total and active community, respectively, showing 
the goodness of fit for soil environmental parameters. Arrows outside the plot area have no statistical 
significance and are only a visual aid of observed trends in ordination. Carbon/nitrogen ratio (C/N), 
phosphorus content (P), nitrogen content (N), soil moisture (MC).  
2.4.4 General patterns in bacterial community composition and structure  
The entire dataset comprised 40 phyla, 155 classes, 385 orders, 704 families and 1,552 genera. At 
phylum level, the total community comprised 40 phyla and the active community 35. The higher 
diversity at phylum at DNA level compared to RNA level is consistent with results from other studies 
(Angel et al., 2013; Baldrian et al., 2012; Herzog et al., 2015). 
Across the entire DNA-based and RNA-based datasets the total and active bacterial community did 
not change considerably at phylum level. Dominant phyla (relative abundance >1 %) comprise across 
the entire datasets Acidobacteria, Proteobacteria, Actinobacteria, Bacteroidetes, Gemmatimonadetes, Chloroflexi, 
Latescimicrobia and Nitrospirae (Figure 2.3). Acidobacteria dominated the total bacterial community 
(37.2 % at DNA level and 23.2 % at RNA level) and Proteobacteria the active bacterial community 
36.8 % at DNA level and 56 % at RNA level). Soils generally have a few dominating phyla, mainly 
Acidobacteria, Actinobacteria, Bacteroidetes, Proteobacteria and Verrucomicrobia (Fierer et al., 2012). These 
phyla are characteristic constituents of bacterial communities derived from different cultivated and 
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natural forest soils (Ferrenberg et al., 2013; Schneider et al., 2015a; Shange et al., 2012; Shen et al., 
2014; Shi et al., 2011). At total community level, the five most abundant orders were Rhizobiales 
(11.8 %), Acidobacteriales (9.2 %), Solibacterales (8.3 %), Rhodospirillales (6.9 %) and an uncultured order 
of acidobacterial subgroup 2 (6.7 %). In the active community, the dominant orders were Rhizobiales 
(17 %), Myxococcales (14.7 %), Rhodospirillales (7.7 %), Solibacterales (7.6 %) and Acidobacteriales (6.1 %). 
 
 
Figure 2. 3. Mean relative abundance of soil bacterial communities in mono and mixed stands. Results 
show order level composition at order level, where n = 3 seasons (spring, summer and autumn). Total 
and potentially active taxa were inferred from environmental DNA and RNA, respectively. Taxa with a 
relative abundance less than 1 % across all stands were grouped into ‘rare bacterial orders’. 
Bacterial community composition was stand-specific (Figure S2.3) and showed dependence on pH 
and nutrient availability (Figure S2.1). Most members of Alpha- and Betaproteobacteria, Actinobacteria and 
Bacteroidetes are known as copiotrophic and are adapted to nutrient-rich environments, as found in lime 
stands. In contrast, members of  Acidobacteria are recognized as oligotrophs and adapted to nutrient-
limiting conditions (Fierer et al., 2012; Koyama et al., 2014; Shange et al., 2012). Beech is frequently 
associated with acidic soils (Colin et al., 2017; Jeanbille et al., 2016), which favour acidobacterial groups 
(Jones et al., 2009; Kielak et al., 2016b; Lladó et al., 2016; Uroz et al., 2011).  
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Proteobacteria were evenly distributed across all sites, with slight differences between mono stands and 
mixed stands at total community level. Rhizobiales belonging to the Alphaproteobacteria were more 
abundant in lime and hornbeam mono stands at total community and active community level than in 
beech and oak mono stands (Figure 2.3 and Table S2.3). A similar trend was observed in the mixed 
stands BHL and HOL compared BHO and BOL. At genus level, we recorded that these differences 
were due to high abundances of unidentified members of the Xanthobacteraceae, Bradyrhizobium, 
Rhizomicrobium and Variibacter. Rhizobiales are broadly associated with nitrogen fixation, plant 
pathogenicity and organic matter decomposition (Carvalho et al., 2010). The Rhodospirillales order, 
which consisted of mostly uncultured groups at genus level, showed high abundance in soils of beech 
and lime mono stands. This is explained by the presence of the Acetobacteraceae family, (up to 4.7 % at 
DNA and RNA level) in beech mono stands and uncultured Rhodospirillum DA 111 in beech and lime 
mono stands (11.3 %). Acetobacteraceae contain some acidophilic genera of acetic acid bacteria (AAB) 
(Mamlouk and Gullo, 2013). Additionally, the Reyranella genus was enriched in lime mono stands, 
which is consistent with previous reports of forest soil communities (Felske et al., 1998; Kim et al., 
2013). The presence of Rhodospirillales in both lime and beech mono stands, which affect the soil 
differently, illustrates the broad adaptation capacity of this phylogenetic group, ranging from aquatic 
to terrestrial acidic environments (Belova et al., 2009; Johnson et al., 2006; Kimoto et al., 2010).  
Betaproteobacteria were represented by Burkholderiales (unidentified Comamonadaceae genus, Variovorax and 
Rhizobacter) and Nitrosomonadales, (unidentified Nitrosomonadaceae genus and Nitrosospira) (Figure S2.3 
and Table S2.3). At total and active community level, members of these orders were more abundant 
(6.8 % and 9.5 %, respectively) in lime and hornbeam mono stands compared to beech and oak mono 
stands (3.8 % and 4.5 %, respectively). A similar distribution was also found in the mixed stands BHL 
and compared to mixed stands BHO and BOL. Both orders form part of the nitrogen-fixing bacterial 
community in forests soils, where they participate in symbiotic relationships with plants (Cherobaeva 
et al., 2011; Tkacz and Poole, 2015). 
Myxoccocales and Desulfurellales orders dominated within the Deltaproteobacteria (Figure 2.3). Haliangium 
was the most abundant genus within Myxococcales in the total community (1.3 %) and active soil 
community (6 %), followed by Sorangium. Both genera are commonly found in soils, but only members 
of Sorangium have been isolated from soil (Dawid, 2000; Fudou et al., 2002). Members of both genera 
exhibit a capacity for producing secondary metabolites with potential pharmaceutical use (Fudou et 
al., 2001; Li et al., 2014a). The Desulfurellales consisted mainly of Desulfurellaceae family members. 
Desulfurellaceae were abundant in lime and hornbeam mono stands compared to beech or oak mono 
stands at total and active community level (Table S2.3). Desulfurellaceae are obligate sulphur-
metabolising thermophiles that contribute to the sulphur cycle (Flores et al., 2012; Wang et al., 2016). 
Their presence in forest soils is not widely reported but one study has reported Desulfurellaceae in farm 
soils (Wang et al., 2016).  
The Gammaproteobacteria consisted primarily of Xanthomonadales (Rhodanobacter, Acidibacter and an 
unidentified genus), which includes agriculturally significant plant pathogens such as Xanthomonas 
(Naushad et al., 2015). Members of  Xanthomonadales, including Rhodanobacter, have been reported to 
prefer environments with lower pH, and high C/N ratios, which promote efficient denitrification 
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(Green et al., 2012; Prakash et al., 2012; van den Heuvel et al., 2010). Our results are consistent with 
these findings as Xanthomonadales were enriched at total and active community in beech (6.9 and 5.1 %, 
respectively) and oak mono stands (7.7 and 7.3 %, respectively) compared to lime mono stands (5.2 
and 3 %, respectively).  
The composition of Acidobacteria varied considerably across forest stands, through several unidentified 
subgroups (Figure S2.3).  Acidobacteriales, Solibacterales and subgroup 2 were more abundant in beech 
and oak mono stands compared to lime and hornbeam mono stands (Figure S2.3 and Table S2.3). In 
contrast, subgroup 6 showed greater abundance in lime and hornbeam mono stands (19 % at DNA 
level and 7.3 % at RNA level), compared to beech and hornbeam mono stands (6.3 % at DNA level 
and 2.2 % at RNA level). Acidobacteria broadly correlate negatively with pH and nutrient availability 
(Clivot et al., 2012; Kielak et al., 2016a; Miyashita, 2015; Sait et al., 2006). Reports also indicate that 
some groups, including subgroup 6, have copiotrophic lifestyles and are enriched in more neutral, 
nutrient-rich environments (Huber et al., 2016; Naether et al., 2012). This also is in accordance with 
our results. Differences in mixed stands were less striking. Acidobacteriales, Solibacterales and subgroup 2 
in mixed stands exhibited similar trends observed in mono stands and were more abundant in beech 
and oak mixed stands BHO and BOL. Subgroup 6 showed higher abundance in lime and/hornbeam 
mixed stands BHL and HOL, in the total and active community. Consequently, the more acidic soil 
environment in beech and oak stands promote a high abundance of Acidobacteria.    
The third-largest phylum Actinobacteria consists of physiologically diverse taxa, including plant 
pathogens and members capable of producing secondary metabolites (Barka et al., 2016; Ventura et 
al., 2007). Actinobacteria, was mainly represented by Gaiellales, Frankiales, Acidimicrobiales and 
Solirubrobacterales orders (Table S2.3). Frankiales abundance increased in the active community (4 %) 
compared to the total community (2.9 %). Many dominant genera within these orders were 
unclassified but we identified Acidothermus (2.5 % at DNA level and 4 % at RNA level) within 
Frankiales.  Acidothermus showed lower abundance in lime mono stands (0.9 % at DNA level and 1.2 % 
at RNA level), compared to beech (2.5 % at DNA level and 4.5 % at RNA level), hornbeam (4 % at 
DNA level and 5.6 % at RNA level) and oak (3 % at DNA level and 5 % at RNA level). Acidothermus 
was recorded in high abundance (11.5 % at DNA level) from a natural forest by Kim et al. (2015). 
Additionally, the only cultured species (Acidothermus cellulolyticus) was isolated from an acidic hot spring 
which points to an acidophilic lifestyle for this genus, as shown in our study (Barabote et al., 2009; 
Mohagheghi et al., 1986).  
Representatives of Bacteroiedetes belonged predominantly to Cytophagaceae (Cytophagales), Flavobateraceae 
(Flavobacteriales) and Chitinophagaceae (Sphingobacteriales) families. Additionally, all families showed higher 
abundance in lime and hornbeam mono stands, than beech and oak mono stands (Figure S2.3 and 
Table S2.3). We identified the genus Flavobacterium within Flavobacteraceae, which was more enriched at 
active community level. Flavobacterium was generally abundant in lime and hornbeam mono stands 
(2.8 % at DNA level and 2.9 % at RNA level) than in beech and oak mono stands (0.78 % at DNA 
level and 0.56 % at RNA level). Flavobacterium is a common soil inhabitant. Species of the genus have 
been reported in plant root associations and deadwood, and harbour broad physiological capabilities 
including lignolytic activity (Deshmukh and Sao, 2015; Dilly et al., 2000; Hoppe et al., 2015; Kolton 
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et al., 2013).  In lime and hornbeam mono stands Gemmatimonadaceae (Gemmatimonadetes), Nitrospirales 
and Latescibacteria were more abundant than in other studied mono stands (Table S2.3). Farag et al., 
(2017) identified the presence of cellulosomes in Latescibacteria, which indicates a possible role in 
cellulose degradation.  
2.4.5 Taxa-habitat association patterns 
Bipartite association networks provided insight into bacterial taxa that potentially drive the observed 
community structures across tree stands (Figure 2.4 and Figure S2.4). Networks were constructed 
from OTUs showing significant positive associations to specific stands or a combination of stands.  
The detected 466 and 348 indicator OTUs at total and active community level, respectively represent 
1.2 and less than 1 % of all OTUs at total and active community level, respectively. The correlation-
based network strongly mirrors the pattern of forest stands recorded during NMDS analysis (Figure 
2.2). Shorter cross edges between beech and oak stands compared to hornbeam or lime stands indicate 
that communities in beech and oak stands are more closely associated with tree species than those 
associated with hornbeam or lime stands. No significant positive associations were observed between 
bacterial genera in oak and lime mono stands. Although genera in hornbeam and lime associate more 
closely, the strength of this association is not as strong as in beech and oak stands.  
Unique clusters representing OTUs associated significantly with only one mono stand, accounted for 
58 and 64 % of all network OTUs at total and active community level, respectively. The higher number 
of genera that define unique clusters in lime stands in the total (191) and active (169) community arises 
from the high bacterial diversity observed in lime stands, compared to hornbeam, beech and oak 
stands. Unique clusters in mixed stand were less common and instead, OTUs formed cross 
associations with two or more mixed stands (Figure S2.4). This provides further evidence that bacterial 
communities in mixed stands are composed of members associated with corresponding mono stands 
and illustrates the importance of tree species identity over tree species richness in shaping soil bacterial 
community. 
Genera observed in the unique clusters belonged to previously described dominant phyla and orders. 
At entire community level, we identified unclassified OTUs from Acidobacteria subgroup 6, 
Nitrosomonadaceae and Reyranella in lime mono stands. Any overlap of significant bacterial cross-
associations between beech and oak, and hornbeam and lime mono stands was provided by a few 
genera and comprise, among others, Rhodanobacter, Rhizomicrobium, Acidothermus, Bryobacter, Granulicella, 
Gemmatimonadaceae and Cytophagaceae. This pattern is similarly reflected in the active community but 
with fewer genera. Analysis of soil environments reveals shared taxonomic groups, but only a few 
genera participate in distinguishing one soil habitat from another (Hartmann et al., 2015; Rime et al., 
2016). A study on microbial community conversion between organic and conventional farming 
showed that only 12 % of bacterial OTUs constituted the management-specific community, but 49 % 
of OTUs with significant association (Hartman et al., 2015). Similarly, our results follow this trend, as 
only a small fraction of OTUs define the difference between soil bacterial communities of different 
tree stands. 
31 
 
 
Figure 2. 4. Association networks between soil bacterial communities (genus level) and mono 
specific stands. Source nodes (rounded squares) represent mono species tree stands and edges 
represent associations between stands and bacterial OTUs (circles, target nodes). Edges are 
coloured according to the source tree species and the length of edges is weighted according to 
association strength. Unique clusters, which associate with one tree species, consist of nodes 
coloured as the corresponding stand. Numbers of OTUs making up respective unique clusters are 
given in brackets. Black circles represent OTUs with significant cross association between two or 
more plots. Target node sizes represent mean relative abundance of OTUs across all mono plots. 
Data only represents OTUs that showed significant positive association with tree species (P ≤ 0.05). 
For ease of visualisation, edges were bundled together, with a stress value of 3. 
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2.4.6 Bacterial functional profiles across forest stands 
Sequences recovered from environmental RNA were used to predict possible metabolic processes in 
forest soil. It is worth noting that rRNA abundance is only a qualitative index for activity but not 
direct measure of activity (Blazewicz et al., 2013). Therefore, the proposed functional profile does not 
necessarily reflect the direct activity of the studied organisms. Additionally, OTUs derived from 
unknown taxa limit functional predictions. However, it has been shown for bacterioplankton and soil 
bacterial communities, as well as for communities in other environments that 16S rRNA-derived 
functional prediction are in good agreement with those derived from direct sequencing of 
corresponding metagenomes and metatranscriptomes (Aßhauer et al., 2015; Kaiser et al., 2016; 
Lüneberg et al., 2018; Wemheuer et al., 2017). 
Predicted metabolic function did not follow the stand-specific trend of the taxonomic community but 
showed strong grouping according to season (p = 0.001) (Figure 2.5 and Table S2.4). Only genes 
related to methane metabolism showed association with tree species (p =0.033) (Figure S2.5). This is 
in accordance with a report showing that methylotrophic bacteria respond to shifts in soil pH in a 
beech-dominated deciduous forest (Morawe et al., 2017). In general, genes associated with carbon and 
nitrogen metabolism in spring are distinct from summer and autumn, which group more closely. As a 
subset of carbon metabolism, gene function associated with methane metabolism also followed this 
trend. Genes for sulphur metabolism showed stronger separation between seasons. As light and 
temperature increase in spring (April), trees begin to form leaves and increase photosynthetic 
productivity, which peaks in summer (July) (Goodale et al., 2015). In autumn (October), light and 
temperature decline and trees generally respond through increased litterfall (Goodale et al., 2015; 
Žifčáková et al., 2016). However, most litter decomposition takes place during the summer (Sohng et 
al., 2014) and may continue into autumn. Thus, in belowground metabolic processes from summer 
extend into autumn give rise to similar bacterial functional profiles.  
 We identified several genes related to carbon (including methane) and nitrogen metabolism, key 
pathways in microbial biogeochemical cycling (Figure 2.6 and Table S2.5). Carbon turnover in soils is 
mediated by carbohydrate-active enzymes (CAZymes), which act on labile C compounds, recalcitrant 
cellulose or hemicellulose and fungal biomass (López-Mondéjar et al., 2016; Žifčáková et al., 2017). 
In our study, genes related to C fixation, including ribulose 1,5-bisphosphate carboxylase/oxygenase 
(RuBisCo) showed significantly higher abundance in spring and autumn (p = 0.013). However, the 
abundance of C degradation genes (cellulases, hemicellulases and chitinases) were more abundant in 
summer and autumn. Due to temperature dependence, CAZymes activity responds to seasonal 
changes and impacts C cycling (Žifčáková et al., 2017). The quality of soil C input from root exudates 
and litter varies seasonally (Siles and Margesin, 2017) and explains the changing abundance of C 
fixation and degradation genes. A similar increase in C degradation genes in autumn compared to 
spring was also reported by Siles and Margesin, (2017) in a mixed deciduous and coniferous forest 
ecosystem. 
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Figure 2. 5. Non-metric multidimensional scaling ordination of functional genes in key 
biogeochemical processes. Ordination is based on Bray-Curtis distance matrices of functional genes 
(KEGG orthologs) predicted by Tax4Fun. Data points are summarized by season (n = 3). 
The ability to utilise a wide range of carbon substrates for gaining metabolic energy is shared among 
several bacterial taxa, across phyla and enables several groups to inhabit the same environment with 
different nutrient niches (Lladó et al., 2017). Bacterial phyla comprise metabolically versatile genera 
that carry out the same general metabolic processes and are functional redundant (Burke et al., 2011). 
Therefore, the relative abundance of genes in an environment do not always correlate with metabolic 
activity of the corresponding pathways, as some bacteria are able to use more efficiently pathways to 
metabolise the same substrate (Rocca et al., 2015). As C allocation is mediated by bacteria through 
decomposition of organic matter, particularly through lignocellulose breakdown (Lladó et al., 2017), 
we identified celluloytic genera in our study, which included Burkholderia, Variovorax and Flavobacterium 
(Štursová et al., 2012). Additional genera with potential cellulolytic potential identified were classified 
as rare (less than 1%) and included actinobacterial genera (Arthrobacter, Cellulomonas, Kitasatospora, 
Oerskovia, Micromonospora, Streptomyces), alphabroteobacterial genera (Mesorhizobium, Methylobacterium, 
Sphingomonas), the gammaproteobacterial genus Dyella and genera of the Firmicutes (Bacillus, 
Paenibacillus) (Haichar et al., 2007; Wirth and Ulrich, 2002). 
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Figure 2. 6. Overview of bacterial genes involved in key energy pathways in soil bacteria.  Genes were 
predicted from KEGG orthologs with Tax4fun. Values represent mean relative abundance in spring, 
summer and autumn, from 48 mon and mixed stands. Genes used are listed in Supplementary 
information, Table S2.4. Means with similar letters (determined by ANOVA with Tukey HSD post-hoc 
test, where P ≤ 0.05) share no significant differences among seasons. 
We also identified genes encoding methane monooxygenase (MMO), a key enzyme in the oxidation 
of methane to methanol, harboured by methylotrophic and methanotrophic bacteria (Hakemian and 
Rosenzweig, 2007; Hoppe et al., 2015). Methylotrophs metabolise single carbon substrates, as a by-
product of lignin degradation (Hoppe et al., 2015). Potential methylotrophs were identified from 
Rhizobiales (Methylocella, and Methyloferula), gammaproteobacterial Methylococcales (Methylococcaceae) and   
Verrucomicrobia (Methylacidiphilum). Seasonal inputs of organic matter from decomposition explain the 
strong effect of season on abundance of methanotrophs. For example, Hoppe et al., (Hoppe et al., 
2015), demonstrated an increase of methylotrophic Rhizobiales at different stages of deadwood 
decomposition in a beech and spruce deciduous forest.  
The presence of genes for assimilatory (sir, cys genes) and dissimilatory (dsr) sulphate reduction revealed 
the presence of sulphur metabolising organisms. However, the abundance of these genes was not 
significant across season (p = 0.818). This is explained by reports that sulphate reducing bacteria tend 
to be rare within the environment despite carrying out the major part of sulphur metabolism 
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(Hausmann et al., 2016; Yousuf et al., 2014). Candidates detected included Desulfurellales, 
Desulfurbacterales and Desulfuromonadales within Deltaproteobacteria, Thiohalophilus and Thioalkalispira from 
Gammaproteobacteria, Comamonadaceae (Betaproteobacteria), Rhodopseudomonas (Alphaproteobacteria) and 
Desulfosporosinus (Firmicutes). Several studies have identified these taxa as major components of sulphur 
cycling in soil and sediment ecosystems (Baker et al., 2015; Balk et al., 2015; Hausmann et al., 2016; 
Ling et al., 2015b).   
We recovered genes such as nir, nif, hao and amo involved in (de)nitrification, nitrate reduction and 
anammox, the main processes in nitrogen cycling (Giles et al., 2012; Norton et al., 2002). Groups 
associated with N cycling from our study included Nitrospira, all Nitroso- genera and Rhizobiales 
(Bradyrhizobium and Rhizobium), Rhodospirillaceae (Azospirillum) and Actinobacteria (Arthrobacter). There was 
a significant abundance of N metabolic genes in spring and autumn (p ≤ 0.01), and similar to C 
metabolic genes, corresponding to periods of increased nutrient availability. Additionally, soil C 
allocation affects soil pH and C/N ratio, which subsequently impact nitrification and denitrification, 
and C cycling (Cardenas et al., 2018; Townsend et al., 2011). This explains the shared trend in seasonal 
abundance observed for C and N metabolic genes in our study.  
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2.5 Conclusion 
Tree species had a strong impact on soil bacterial diversity and composition at entire and active soil 
bacterial community level, which supported our first hypothesis that tree species identity drives 
bacterial community structure in the entire and potentially active bacterial community. This is result 
of both direct and indirect influences such as litterfall and root exudates, which change soil pH, C/N 
ratio, N and P availability. Beech and oak mono stands displayed low pH and high C/N ratio and 
subsequently, showed a higher abundance of oligotrophic and lower abundance of copiotrophic 
bacterial taxa compared to lime and hornbeam mono stands. Mono stands showed a higher number 
of indicator OTUs corresponding to organisms closely associated with each stand, compared to mixed 
stands. Most indicator OTUs belonged to Rhizobiales, indicating the widespread physiological 
adaptation of its members to different environments. Our second hypothesis that bacterial community 
in structure across forest stands is shaped by season to a lesser extent than by tree species was not 
supported. Season showed a non-significant effect in forest stands at total and entire community level. 
We did not observe stand-specific effects on predicted bacterial functions, except for genes related to 
methane metabolism. In contrast, the predicted functional metabolic profiles were significantly 
influenced by season. This is attributed to functional redundancy across taxonomic groups, which 
results in lower functional diversity. However, we identified more genes associated with C fixation 
and degradation (including methane metabolism), compared to nitrogen metabolism. This supports 
evidence that forest ecosystems play a central role in carbon storage and contribute to global carbon 
cycling. The abundance of C and metabolic genes showed similar increase in spring and autumn, which 
is linked to shared metabolic pathways across different bacterial taxa. An increase in genes for both 
processes corresponded to periods of increased soil nutrient availability, as a response to increased 
root productivity (spring) and litterfall (autumn). The ability to monitor taxonomic and functional 
relationships in individual microbial taxa provides greater insight into specific impacts of trees in 
shaping the soil microbial communities. This improves our understanding of how potential conversion 
of forest stands effects changes in belowground microbial community. 
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Figure S2. 1. Boxplots showing soil environmental parameters in mono and mixed stands. Mean 
values, where n = 6 replicate stands, are given. Horizontal bars show median value. Mean values with 
similar letters (determined by ANOVA with Tukey HSD post-hoc test, where p ≤ 0.05) share no 
significant differences. Soil data was previously collected and described by Schmidt et al. (2015). 
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Figure S2. 2. Alpha diversity metrics across different tree stands. A) Rarefaction curves of 
subsampled OTUs for environmental DNA and RNA, at 97% similarity. B) Good’s coverage, C) 
Shannon richness index, Chao1 estimator and phylogenetic diversity (PD). Mean values are given, 
where n = 6 replicate stands for three seasons. Horizontal bars represent the median value.  Mean 
values with similar letters indicate no significant differences between stands (determined by ANOVA 
with Tukey HSD post-hoc test, where P ≤ 0.05). 
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Figure S2. 3. Bacterial orders showing significant composition across different tree stands. Only 
bacteria orders belonging to dominant phyla (greater than 1 %) are shown. Mean values, where n = 6 
replicate stands for three seasons, are given. Statistical calculations employed Kruskal-Wallis test 
with Dunn’s post hoc test. A p ≤ 0.05 was considered statistically significant. Mean values with the 
same letter significant difference in composition. Red dots represent the median value. Black dots 
represent outlying data. 
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Figure S2. 4. Bipartite association networks between soil bacterial communities (genus level) and 
tree stands. Source nodes (rounded squares) represent tree stands and edges represent 
associations between stands and bacterial OTUs (circles, target nodes). Edges are coloured 
according to the source tree stand and the length of edges is weighted according to association 
strength. Unique clusters, which associate with one tree species, consist of nodes coloured as the 
corresponding stand. Numbers of OTUs making up respective unique clusters are given in 
parenthesis. Black circles represent OTUs with significant cross association between two or more 
stands. Target node sizes represent mean relative abundance of OTUs across all mono plots. Data 
only represents OTUs that showed significant positive association with tree stands (P ≤ 0.05). For 
ease of visualisation, edges were bundled with a stress value of 3. 
43 
 
  
Figure S2. 5. Non-metric multidimensional scaling (NMDS) ordination of methane metabolic genes. 
Significant grouping of metabolic genes according to tree species (p = 0.033) is given. NMDS was 
constructed with a Bray Curtis distance matrix using KEGG orthologs predicted with Tax4Fun. Genes 
used to construct the plot are listed in Supplementary information, Table S2.5. 
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Table S2. 1. Summary of sequence data generated with high throughput pyrotag sequencing. 
Reads after key steps of sequencing pipeline 
Template 
DNA RNAa 
1.       Raw reads 3 335 821 1 308 705 
2.       Quality filtering 3 052 200 1 291 122 
3.       Chimera and singleton removal 2 402 787 857 868 
4.       Taxonomy filtering 2 401 078 857 464 
% Recovery 72.4 65.7 
Total OTUsb 40 385 52 277 
a Reads for RNA were generated via cDNA 
b OTUs generated after clustering of abovementioned reads. Numbers represent total count across all plots in spring, summer and autumn 
from subsampled datasets of environmental DNA and RNA. 
c Recovery refers to the percentage of sequence reads after processing over the total reads 
Table S2. 2. Statistical tests of tree stand effects on bacterial community. Results of ANOSIM and PERMANOVA were 
calculated using weighted uniFrac matrices representing the total (DNA-based) and potentially active (RNA-based) 
bacterial community. A p value ≤ 0.05 was considered significant. 
Test  ANOSIM PERMANOVA 
  DNA RNA DNA RNA 
 p-value R p-value R p-value Psuedo F p-value Psuedo F 
Tree species 0.001 0.72 0.001 0.63 0.001 9.4 0.001 4.9 
Stand type 0.008 0.22 0.002 0.23 0.1 2.4 0.044 2.9 
Season 0.464 -0.009 0.038 0.132 0.529 0.73 0.132 1.7 
NMDS goodness of fit                 
 p-value R
2       
Template 0.001 0.439 ***      
Tree species 0.001 0.506 ***      
Stand type 0.043 0.068 *      
Season 0.858 0.014       
         
Environmental parameters         
 p-value R
2       
pH 0.001 0.809 ***      
N 0.001 0.353 ***      
C/N ratio 0.001 0.683 ***      
P 0.001 0.589 ***      
MC 0.001 0.655 ***      
Abbreviations: N - nitrogen; C/N - carbon/nitrogen; P - phosphorus; MC - moisture content 
Significant codes:  0 - ***, 0.001 - **, 0.01 - *, 0.05 ., 0.1, 1 
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Table S2. 3. Summary of abundant soil bacterial genera across mono and mixed stands. Values represent mean 
relative abundance for 6 replicate stands in spring, summer and autumn. Values are given for total (DNA-based) 
community. Only genera from abundant orders (greater than 1 %) are given. Where the order or genus is unidentified, 
the taxonomic name at the highest known resolution is given in parenthesis. 
Total community  Relative abundance (%) in forest stands 
Order Genus Mono stands Mixed stands 
  Beech Horn Lime Oak BHL BHO BOL HOL Average 
Acidobacteria           
Acidobacteriales (Acidobacteriaceae) 13.743 6.886 1.171 12.836 5.240 9.314 5.109 3.315 7.202 
Solibacterales Bryobacter 6.200 4.344 1.521 6.902 3.569 5.284 4.110 2.777 4.338 
 Candidatus Solibacter 5.047 3.845 2.606 4.297 4.090 4.202 3.612 3.182 3.860 
Subgroup 2 (Subgroup 2) 13.202 6.570 1.292 11.988 4.275 7.672 4.483 3.389 6.609 
Subgroup 6 (Subgroup 6) 2.109 4.351 8.014 2.103 5.546 3.494 4.919 5.848 4.548 
 (Subgroup 6) 0.856 2.059 3.413 0.847 2.682 1.500 2.223 2.617 2.024 
Actinobacteria           
Acidimicrobiales (Acidimicrobiales) 0.768 0.989 0.953 0.826 0.928 0.933 1.022 1.066 0.936 
Frankiales Acidothermus 2.528 4.032 0.906 3.023 2.212 3.185 2.251 1.951 2.511 
Gaiellales (Gaiellales) 1.147 2.235 2.142 1.083 2.297 1.779 2.466 2.624 1.972 
Solirubrobacterales (Solirubrobacterales) 0.169 0.475 0.708 0.165 0.477 0.392 0.594 0.699 0.460 
Bacteroidetes           
Cytophagales (Cytophagaceae) 0.659 1.320 1.583 0.936 1.457 1.325 1.284 1.797 1.295 
Flavobacteriales Flavobacterium 0.331 1.019 1.788 0.446 0.807 0.728 1.117 1.686 0.990 
Sphingobactriales (Chitinophagaceae) 0.965 1.006 0.891 1.037 0.971 1.061 1.093 1.039 1.008 
Gemmatimonadetes          
Gemmatimonadales Gemmatimonas 1.458 1.189 1.581 1.091 1.605 1.102 1.886 1.427 1.417 
 (Gemmatimonadaceae) 1.248 1.098 1.343 0.706 1.147 1.017 1.493 1.167 1.152 
Latescibacteria           
(Latescibacteria) (Latescibacteria) 0.200 0.618 1.479 0.162 0.899 0.578 0.807 0.889 0.704 
 (Latescibacteria) 0.066 0.215 0.418 0.086 0.450 0.132 0.341 0.459 0.271 
 (Latescibacteria) 0.018 0.088 0.265 0.025 0.145 0.063 0.120 0.112 0.105 
Nitrospirae           
Nitrorpirales (Nitrospirales) 0.042 0.438 1.380 0.062 0.617 0.349 0.557 0.616 0.508 
 Nitrospira 0.350 0.255 0.507 0.200 0.301 0.186 0.371 0.303 0.309 
Proteobacteria           
Burkholderiales (Comamonadaceae) 0.305 0.570 0.917 0.368 0.739 0.469 0.681 0.932 0.623 
 Variovorax 0.103 0.197 0.273 0.126 0.231 0.144 0.257 0.255 0.198 
 Paraburkholderia 0.151 0.079 0.112 0.129 0.052 0.140 0.046 0.042 0.094 
 Rhizobacter 0.033 0.068 0.141 0.030 0.110 0.058 0.088 0.140 0.083 
Desulfurellales (Desulfurellaceae) 0.294 0.538 1.325 0.248 0.735 0.474 0.770 0.859 0.655 
 (Desulfurellaceae) 0.001 0.022 0.058 0.000 0.023 0.013 0.023 0.035 0.022 
Myxococcales Haliangium 0.854 1.379 1.381 1.174 1.409 1.303 1.718 1.507 1.341 
 Sorangium 0.597 0.495 0.354 0.577 0.450 0.488 0.545 0.382 0.486 
Nitrosomonadales (Nitrosomonadaceae) 1.297 1.784 2.644 1.207 2.186 1.951 2.404 2.050 1.940 
 Nitrosospira 0.003 0.014 0.005 0.004 0.014 0.005 0.007 0.010 0.008 
Rhizobiales (Xanthobacteraceae) 1.198 2.825 3.878 1.366 3.402 2.045 3.122 3.605 2.680 
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 Bradyrhizobium 1.794 2.572 2.448 2.197 2.741 2.606 2.516 2.834 2.464 
 Rhizomicrobium 2.768 2.247 0.745 3.150 2.050 2.816 1.706 1.471 2.119 
 Variibacter 1.672 1.798 1.505 1.478 1.815 1.522 1.751 1.763 1.663 
Rhodospirillales (DA111) 2.012 1.777 2.248 1.396 2.084 1.500 2.000 2.133 1.894 
 (Acetobacteraceae) 1.969 1.671 0.885 2.549 1.665 2.325 1.202 1.021 1.661 
 Reyranella 0.618 1.457 2.469 0.835 1.877 1.122 1.367 1.695 1.430 
Xanthomonadales Rhodanobacter 1.865 1.874 1.087 2.171 1.832 1.538 2.680 1.851 1.862 
 Acidibacter 1.577 1.369 1.130 1.720 1.073 1.461 1.026 0.939 1.287 
 (Xanthomonadales) 1.579 1.316 0.128 1.999 0.780 1.999 0.685 0.541 1.128 
Table S2.3 cont. Summary of abundant soil bacterial genera across mono and mixed stands. Values represent mean 
relative abundance for 6 replicate stands in spring, summer and autumn. Values are given for the potentially active 
(RNA-based) community. Only genera from abundant orders (greater than 1 %) are given. Where the order or genus 
is unidentified, the taxonomic name at the highest known resolution is given in parenthesis. 
Active Community  Forest stands 
  Mono stands Mixed stands 
Order Genus Beech Horn Lime Oak BHL BHO BOL HOL Average 
Acidobacteria           
Acidobacteriales (Acidobacteriaceae) 8.292 4.069 0.698 9.534 3.438 5.447 3.211 1.883 4.572 
Solibacterales Candidatus Solibacter 6.811 3.446 2.090 6.468 2.691 3.555 3.734 2.480 3.909 
 Bryobacter 5.890 4.208 1.000 7.002 2.720 3.441 3.130 1.527 3.615 
Subgroup 2 (Subgroup 2) 7.570 3.765 0.841 6.741 3.163 3.819 2.369 1.724 3.749 
Subgroup 6 (Subgroup 6) 0.882 1.562 3.458 0.727 1.919 1.622 2.005 2.260 1.804 
 (Subgroup 6) 0.337 0.631 1.425 0.267 0.857 0.745 0.897 1.065 0.778 
Actinobacteria           
Acidimicrobiales (Acidimicrobiales) 0.790 0.754 0.858 0.824 0.736 0.842 0.752 0.698 0.782 
Frankiales Acidothermus 4.510 5.560 1.189 5.036 3.735 5.687 3.107 2.897 3.965 
Gaiellales (Gaiellales) 0.645 0.907 0.897 0.591 1.011 0.828 0.871 1.054 0.851 
Solirubrobacterales (Solirubrobacterales) 0.054 0.145 0.280 0.034 0.174 0.098 0.122 0.199 0.138 
Bacteroidetes           
Cytophagales (Cytophagaceae) 0.175 0.234 0.546 0.158 0.399 0.485 0.361 0.531 0.361 
Flavobacteriales Flavobacterium 0.240 1.114 1.787 0.321 0.880 0.825 2.716 2.227 1.264 
Sphingobactriales (Chitinophagaceae) 1.891 2.481 2.754 2.168 2.351 2.151 3.214 2.878 2.486 
Gemmatimonadetes          
Gemmatimonadales Gemmatimonas 0.477 0.310 0.455 0.342 0.554 0.278 0.459 0.432 0.413 
 (Gemmatimonadaceae) 0.310 0.223 0.403 0.125 0.248 0.222 0.252 0.277 0.258 
Latescibacteria           
(Latescibacteria) (Latescibacteria) 0.060 0.104 0.356 0.020 0.159 0.145 0.186 0.224 0.157 
 (Latescibacteria) 0.044 0.077 0.184 0.031 0.166 0.077 0.178 0.237 0.124 
 (Latescibacteria) 0.006 0.001 0.025 0.006 0.002 0.022 0.011 0.016 0.011 
Nitrospirae           
Nitrorpirales (Nitrospirales) 0.188 0.092 0.168 0.076 0.122 0.118 0.130 0.096 0.124 
 Nitrospira 0.010 0.063 0.258 0.004 0.057 0.085 0.073 0.131 0.085 
Proteobacteria           
Burkholderiales (Comamonadaceae) 0.812 1.680 2.296 0.867 2.439 1.404 2.063 2.382 1.743 
 Variovorax 0.382 0.573 0.824 0.397 0.699 0.409 0.754 0.945 0.623 
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 Rhizobacter 0.099 0.254 0.567 0.134 0.450 0.257 0.430 0.565 0.344 
Desulfurellales (Desulfurellaceae) 0.369 0.670 1.063 0.261 0.661 0.528 0.601 0.725 0.610 
 (Desulfurellaceae) 0.002 0.044 0.160 0.001 0.058 0.041 0.048 0.084 0.055 
Myxococcales Haliangium 3.704 5.391 8.289 3.916 7.481 5.181 6.648 7.349 5.995 
 Sorangium 3.656 2.587 2.427 3.060 2.703 2.268 2.441 2.099 2.655 
Nitrosomonadales (Nitrosomonadaceae) 0.945 1.226 1.986 0.808 1.695 1.657 1.879 1.492 1.461 
 Nitrosospira 0.017 0.033 0.036 0.010 0.061 0.038 0.056 0.067 0.040 
Rhizobiales (Xanthobacteraceae) 2.960 5.329 5.729 2.544 5.982 4.399 5.457 5.892 4.787 
 Variibacter 3.275 4.024 2.811 2.536 3.423 3.777 3.201 3.353 3.300 
 Bradyrhizobium 2.460 3.514 3.067 2.269 3.997 3.287 2.746 3.981 3.165 
 Rhizomicrobium 1.213 0.895 0.261 1.367 0.668 0.821 0.978 0.417 0.827 
Rhodospirillales (DA111) 4.054 3.105 2.941 2.777 3.742 2.820 2.860 2.884 3.148 
 (Acetobacteraceae) 2.586 2.159 0.744 3.070 1.671 2.567 1.394 0.706 1.862 
 Reyranella 0.440 0.666 0.721 0.498 0.630 0.468 0.740 0.566 0.591 
Xanthomonadales Rhodanobacter 1.904 1.320 0.063 2.810 0.937 2.318 0.752 0.241 1.293 
 Acidibacter 1.418 1.431 0.929 1.931 1.036 1.506 0.984 0.910 1.268 
 (Xanthomonadales) 1.091 1.148 0.469 1.227 0.683 1.099 0.712 0.557 0.873 
Table S2. 4. Statistical tests of tree stand effects on bacterial community function. NMDS was calculated using Bray 
Curtis distance matrices representing the genes predicted from the potentially active (RNA-based) bacterial 
community with Tax4Fun. Tax4Fun predicted assigned function to 45% of input OTUs from the potentially active 
community. A p value ≤ 0.05 was considered statistically significant. 
NMDS goodness of fit p-value R2 Significant code 
Carbon metabolism    
Tree species 0.079 0.45 . 
Stand type 0.421 0.041  
Season 0.001 0.42 *** 
Methane metabolism    
Tree species 0.033 0.48 * 
Stand type 0.763 0.011  
Season 0.001 0.39 *** 
Sulphur metabolism    
Tree species 0.078 0.44 . 
Stand type 0.239 0.065  
Season 0.001 0.42 *** 
Nitrogen metabolism    
Tree species 0.203 0.38  
Stand type 0.398 0.04  
Season 0.001 0.49 *** 
Significant codes:  0 - ***, 0.001 - **, 0.01 - *, 0.05 ., 0.1, 1 
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Table S2. 5. List of selected genes associated with energy metabolism. Genes were predicted from the potentially 
active (RNA-based) bacterial community with Tax4Fun. Tax4Fun assigned function to 45% of input OTUs from the 
potentially active community. 
KEGG ortholog Name KEGG ortholog Name 
Calvin Cycle 
 
Hemicellulases 
 
K00174 - K00177 2-oxoglutarate ferredoxin oxidoreductase K01181 endo-1,4-beta-xylanase  
K01601 - K01602  ribulose-bisphosphate carboxylase K01198 xylan 1,4-beta-xylosidase  
K00239 - K00242 succinate dehydrogenase K01218 mannan endo-1,4-beta-
mannosidase  
Methane metabolism 
 
K01224 arabinogalactan endo-1,4-beta-
galactosidase  
K14028 - K14029 methanol dehydrogenase (cytochrome c) K01684 galactonate dehydratase  
K00190 - K00198 carbon monoxide dehydrogenase / acetyl-CoA 
synthase 
K01811 alpha-D-xyloside xylohydrolase  
K03518 - K03520 carbon-monoxide dehydrogenase small subunit K15531 oligosaccharide reducing-end 
xylanase  
K16154 - K16162 methane monooxygenase K15921 arabinoxylan 
arabinofuranohydrolase  
Sulphur metabolism 
 
K15924 glucuronoarabinoxylan endo-1,4-
beta-xylanase  
K00380 - K00381 sulfite reductase (NADPH) flavoprotein Cellulases 
 
K00390 phosphoadenosine phosphosulfate reductase K01179 endoglucanase  
K00392 sulfite reductase (ferredoxin) K01180 endo-1,3(4)-beta-glucanase  
K00394 - K00395 adenylylsulfate reductase K01182 oligo-1,6-glucosidase  
K00860 adenylylsulfate kinase K01195 beta-glucuronidase  
K00955 bifunctional enzyme CysN/CysC K01225 cellulose 1,4-beta-cellobiosidase  
K00956 - K00958 sulfate adenylyltransferase K05349 beta-glucosidase  
K11180 - K11181 sulfite reductase, dissimilatory-type K05350 beta-glucosidase  
Nitrogen metabolism 
 
K16213 mannobiose 2-epimerase 
K00360 - K00363 nitrate reductase (NADH) Chitinases 
 
K00366 - K00367 ferredoxin-nitrite reductase K01183 chitinase  
K00368 - K00374 nitrite reductase (NO-forming) K01452 chitin deacetylase  
K00376 nitrous-oxide reductase K03791 putative chitinase 
K00531 nitrogenase K03933 chitin-binding protein 
K01428 - K01430 urease K13381 bifunctional chitinase/lysozyme  
K02164, K02305, 
K02448 
nitric oxide reductase NorE, NorD Phosphatases 
 
K02586 - K02588 nitrogenase molybdenum-iron protein (NifE, NifH) K01077 alkaline phosphatase  
K02591 - K02596, 
K02597 
nitrogenase molybdenum-iron protein (NifN, NifT, 
NifV, NifX, NifZ) 
K01078 acid phosphatase  
K03385 cytochrome c-552 K01093 4-phytase / acid phosphatase  
K04561 nitric oxide reductase subunit B K01113 alkaline phosphatase D  
K04747 - K04748 nitric oxide reductase protein (NorF, NorQ) K03788 acid phosphatase (class B)  
K10535 hydroxylamine oxidase K09474 acid phosphatase (class A)  
K10944 - K10946 ammonia monooxygenase (AmoABC) 
  
K15864 nitrite reductase (NO-forming) / hydroxylamine 
reductase 
  
K15876 cytochrome c-type protein 
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Chapter 3 
Chapter 3: Bioprospecting for novel biocatalysts 
 
 
 
 
 
 
 
 
 
 
 
 
3.1 Harvesting the soil metagenome  
Forests are a valuable hub of resources which benefit human society. From timber and food to 
recreational and cultural goods, forests have always been closely associated with human development. 
Soil microorganisms are important producers of natural products, from small antibiotic molecules to 
industrial biocatalysts used in environmental bioremediation (Demain, 2000). The diversity of 
uncultured bacteria far exceeds that of the cultured fraction (Banik and Brady, 2010). Current 
evaluations of prokaryotic diversity indicated that approximately 18.9 % of bacterial sequences 
originate from cultured organisms (Schloss et al., 2016). Consequently, the diversity of potentially 
useful bioactive compounds is also greater in this uncultured fraction (Banik and Brady, 2010). 
However, soil bacterial diversity remains largely untapped due to limitations in culturing methods 
(Torsvik and Øvreås, 2002). A study by Kaeberlein et al. (2002) proposed that this may be due to 
signaling mechanism between bacteria to identify an unfamiliar environment, even in the presence of 
nutrients. A recent innovation known as the Isolation chip or ‘Ichip’ seeks to improve parallel 
cultivation of bacteria from environmental samples (Nichols et al., 2010). The technique was 
subsequently important in the discovery of novel bacterium (Eleftheria terrae) expressing a new 
antibiotic, teixobactin, against methicillin-resistant Staphylococcus aureus (MRSA) and Mycobacterium 
tuberculosis (Ling et al., 2015a). Nevertheless, obtaining bioactive compounds from the environment 
remains a challenge.  
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Metagenomics, which describes the entire genetic information from an environmental community 
(Handelsman et al., 1998) has proved a powerful counter to this bottleneck. Current metagenomic 
tools have increased the potential for exploiting the forest microbiome by enabling culture-
independent manipulation of bacteria, which are more accessible in this process (Lorenz and Eck, 
2005; Rabausch et al., 2013). Products discovered through this approach include flavonoid-modifying 
glycosyltransferases (Rabausch et al., 2013), moderately thermostable and halotolerant cellulases 
(Ilmberger et al., 2012), α-amylases, proteases, pectinases (Bashir et al., 2014), and antibiotic resistance 
biomolecules (Riesenfeld et al., 2004). Functional metagenomic screening also has wide applications 
beyond soil habitats, including marine habitats (Barone et al., 2014), extreme environments (Mirete et 
al., 2016), compost (Lopez-Lopez et al., 2014) and animals (Fang et al., 2012; Rashamuse et al., 2013). 
Thus, the potential for recovering novel biocatalysts has made functional metagenomic screening an 
indispensable tool in recent research methodologies.  
Schloss and Handelsman (2003) outline two methods for the recovery of functional genes from 
metagenomes (Figure 3. 1): sequence-based and activity-based screening. In the sequence-based 
approach, primers are designed based on conserved regions of known genes and serve as anchors 
which flank the insert.  After the construction of a metagenomic library, the primers hybridize with 
conserved regions and the gaps are filled through primer walking (Uchiyama and Miyazaki, 2009). 
Successful isolation of chitinases and dioxygenases were isolated with this approach (Hjort et al., 2010; 
Zaprasis et al., 2010). A limitation of this approach is the reduced potential for finding novel genes, if 
regions of homology in known sequences are highly conserved (Lorenz et al., 2002). For example, 
bacterial esterases (section 3.2.1) share several highly conserved motifs, while bacterial laccases 
(section 3.2.2) share very little sequence similarity and have few conserved domains. Activity-based 
functional screening is a simpler process whereby selection of the gene of interest relies on measuring 
direct activity and is sequence-independent (Schloss and Handelsman, 2003). A selective or indicator 
substrate, which in many cases induces a colour change in the colonies or surrounding medium, is 
introduced on solid agar plates. Subsequently, host cells containing the metagenomic library inserts 
are plated on the selective plates. Contact between the substrate and the expressed enzyme will induce 
a phenotypic change in the host cell, such as a zone of clearance around the colony (Coughlan et al., 
2015). This is a highly useful approach as it allows for the discovery of new genes, which share no 
sequence similarity and is a common method for mining for novel enzymes (Lorenz et al., 2002; Mirete 
et al., 2016). In section 3.3 of this chapter, short-insert plasmid libraries were constructed and used in 
activity-based screening of lignocellolulytic genes.  
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Figure 3. 1. Outline of construction of metagenomic libraries from environmental DNA. Metagenomic 
libraries are pools of environmental DNA stored as fragments on extrachromosomal DNA (eDNA) 
such as plasmids, bacterial artificial chromosomes (BACs), cosmids or fosmids. The size of the 
library is dependent on the carrying capacity of the vector and the number of vectors carrying an 
insert +quality of eDNA. These vectors can then be replicated in a host strain to maintain or 
manipulate the library. Although several hosts and vectors, which require different practical 
approaches, are available for constructing metagenomic libraries, the key steps remain unchanged, 
and are outlined. Abbreviations: eDNA, environmental DNA; BAC, bacterial artificial chromosome. 
Image adapted from  (Lorenz et al., 2002; Mirete et al., 2016). 
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3.2 Functional screening for lignocellulolytic enzymes 
Lignocellulose mass is derived from plant cell walls and is one of the most abundant raw biopolymers 
in nature (Bajpai, 2016). It comprises cellulose (40 %), hemicellulose (20 – 30%) and lignin (20 – 30%) 
in a complex matrix with other plant cell material which renders it recalcitrant to degradation (Chang 
et al., 2011; Chen, 2014). As an important material in renewable biofuel production, biocatalysts 
involved in its depolymerization are highly valued in industry (Obeng et al., 2017). Lignocellulose 
degradation occurs through the hydrolytic action of cellulases (endo/exoglucanases), hemicellulases 
(xylanases), laccases, pectinases, chitinases and esterases, among many others (Park et al., 2016; 
Toushik et al., 2017). A short treatment of some of these enzymes and their mechanisms of action 
follows below. 
3.2.1 Esterases 
Esterases (EC 3.1.x) and lipases (EC 3.1.1.x) are a group of lipolytic enzymes involved in the 
breakdown of lipids into alcohol and free fatty acids (Figure 3. 2A). A distinction is generally made 
between carboxylesterases which hydrolyse water-soluble, short-chain glycerol esters (shorter than 6 
carbons), and true lipases which hydrolyse longer-chain, water-insoluble triglycerides (Arpigny and 
Jaeger, 1999). Bacterial esterases are ubiquitous, intracellular or extracellular molecules, and have been 
isolated from environments as diverse as hot springs to deep-sea marine sediments (Lopez-Lopez et 
al., 2014).  
Lipolytic enzymes are highly desired in biotechnology due to their wide substrate spectrum, high 
selectivity, high temperature and pH stability, and tolerance to salt and organic solvents. Additionally, 
some esterases exhibit stereoselective activity. Consequently, lipolytic biocatalysts are used in far-
ranging applications such as enantiomeric drug production, additives in detergents, bioremediation 
agents in the environment or flavor development in the food industry (Bornscheuer, 2002; Coughlan 
et al., 2015; Garcia et al., 2015; Sharma and Kanwar, 2014). As the topic of biochemical 
characterization in Chapter 4, further insights into metabolic properties of esterases are provided in 
Dukunde et al. (Dukunde et al., 2017). 
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Figure 3. 2. Reaction mechanisms of select enzymes involved in lignocellulose degradation. A) hydrolysis of triacyl glycerol by lipases with 
concomitant release of water.  B) Oxidation of a substrate molecule with oxygen as an electron donor. C) Xylanases hydrolyse glycosidic 
bonds between xylose monomers. D) Three types of cellulases act on different parts of a cellulose polymer. Images adapted from Berg et 
al. (2012), Minussi et al. (Minussi et al., 2002) and Kumar et al. (2008). 
  
54 
 
3.2.2 Laccases 
Laccases (EC 1.10.3.2) are a subset of multicopper oxidases (MCOs), which act on phenolic and 
aromatic amines (Mtui, 2012). Although white-rot fungi can completely degrade lignin, bacterial 
laccases have emerged as more desirable catalysts due to the ease of manipulation (Pardo et al., 2012; 
Ricklefs et al., 2014).  
Catalysis by laccases takes place via four copper-containing domains that form the active site; each 
domain catalyzes one electron oxidation of a substrate molecule with subsequent reduction of 
molecular oxygen to one water molecule (Figure 3. 2B). Functional screening media commonly 
employs guaiacol or 2,2’-azino-bis (3-ethylbenzothiazo- line-6-sulfonate) (ABTS), which form brown 
or blue oxidative rings around bacterial clones with potential activity, respectively (Fang et al., 2012; 
Šnajdr et al., 2013). 
Bacterial laccases participate in an array of oxidative conversions for many substrates, including 
aromatic phenols, methoxyphenols, polyamines and aryl amines and some inorganic compounds 
(Ricklefs et al., 2014). In bacteria, such conversions aid in protection against UV light, harsh 
peroxidases and pigmentation, seen in the brown endospore coat of Bacillus subtilis (Dwivedi et al., 
2011). As industrial biocatalysts, laccases do not produce toxic byproducts as their peroxidase 
counterparts, and bacterial laccases are reported to have better thermotolerance than fungal laccases 
(Santhanam et al., 2011). Laccases are used in the bleaching of textiles, Kraft pulp in paper making 
where they target lignin, and have been used in the clarification of wines and fruit juice (Arias et al., 
2003; Toushik et al., 2017; Virk et al., 2012). Additionally, the ability to degrade aromatic compounds 
makes them choice biocatalysts in decolorization of wastewater effluent (Virk et al., 2012). Functional 
metagenomic screening for laccases uses the sequence-based approach (Ausec et al., 2011; Fang et al., 
2012; Jacquiod et al., 2014). However, in this thesis, we aim to use activity-based screening to increase 
the potential for mining novel laccases.  
3.2.3 Lignocellulases 
Cellulose degradation is catalyzed by four classes of cellulases, endoglucanases (EC 3.2.1.4), 
exoglucanases (EC 3.2.1.74), cellobiohydrolases (EC 3.2.1.91) and β-glucosidases (EC 3.2.1.21) (Saini 
et al., 2015). Hemicellulases are divided into endo-1,4-β-xylanase (EC 3.2.1.8) and 1,4-β-xylosidase 
(EC 3.2.1.37) and catalyse the hydrolysis of xylan, a major constituent of hemicellulose (Figure 3. 2C 
and D) (Alves-Prado et al., 2010). Their ability to degrade complex cellulosic polysaccharides make 
them important biocatalysts in renewable biofuel processes. Additionally, the use cellulases in animal 
feed can improve food digestion in livestock (Chang et al., 2011). Cellulose-free xylanases are used in 
biobleaching of kraft pulp in paper making, although the process is not well understood (Chakdar et 
al., 2016). However, xylanases and laccases are reported to have improved activity when used together 
in pulp biobleaching, which points to the presence of a feedback mechanisms between the two 
enzymes during lignocellulose degradation that is absent with cellulases (Virk et al., 2012). Cellulases 
also have had in increased role in the pretreatment of cotton fabrics (Araújo et al., 2008).  
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3.2.4 Objectives: 
The aim of this chapter is to use forest soil-derived environmental DNA to construct short insert 
metagenomic plasmid libraries. Subsequently, metagenomic libraries will be used to conduct activity-
based functional screening for potential lignocellulolytic biocatalysts. 
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3.3 Methods and materials 
3.3.1 General molecular cloning techniques 
The following is an outline of general methods used, unless specified otherwise. Molecular cloning 
techniques, unless indicated otherwise, are based on or modified from Sambrook et al. (1989).  
3.3.1.1 Evaluating DNA and cell cultures 
Agarose gel electrophoreses were performed by using 1 % agarose in 1X TAE buffer (50 mM tris, 20 
mM acetic acid, 1mM EDTA) at 90 V and 400 mA. Gel images were documented with the 
ImageQuant 100 (GE Healthcare, CT, USA), at 320 nm. Quantitative and qualitative evaluation of 
DNA was performed with the NanoDrop Spectrometer ND1000 (Thermo Scientific, MA, USA). 
Growth of cell cultures was monitored by measuring optical density at 600 nm (OD600). 
3.3.1.2 Competent cells and bacterial transformation 
Preparation of electrocompetent E. coli DH5α (genotype; F- φ80lacZΔM15Δ (lacZYA-argF) U169 
endA1 recA1 hsdR17 (rk-, mk+) supE44 thi -1 gyrA96 relA1 phoA), selected as hosts for subsequent 
metagenomic plasmid libraries, was performed as follows: a frozen cell pellet (– 80 °C) was used to 
inoculate 5 mL of LB medium (lysogeny broth, 10 g NaCl, 10g Tryptone, 5 g yeast extract per liter 
distilled water (dH2O) ) and grown overnight, at 37 °C on a shaking incubator at 150 rpm. The 5 mL 
starter culture was used to inoculate 250 mL of LB and grown at 30 °C, with shaking in an Aquatron 
water bath (Infors AG, Switzerland) to an OD600 between 0.5 – 0.75. The culture was cooled on ice to 
4 °C and centrifuged to pellet the cells, at 5,000 rpm and 4 °C, for 10 min. The supernatant was 
discarded, and the pellet was resuspended in 1 volume (vol) dH2O. Cells were centrifuged as previously 
described and the supernatant was discarded. This was followed by two more washing and 
centrifugation cycles. The cell pellet was resuspended in 10 % (v/v) glycerol, centrifuged for 10 min 
at 6,200 rpm and 4 °C, and the supernatant discarded. The resultant competent pellet was resuspended 
in 500 µL 10 % (v/v) glycerol and stored as 40 µL aliquots. Aliquots were flash-frozen with liquid 
nitrogen and stored at – 80 °C until required. 
Transformation of E. coli strains was performed by mixing 40 µL of competent cells with 75 ng of 
recombinant vector DNA and incubated on ice for 10 min. The E. coli/eDNA mix was transferred to 
an electroporation cuvette (Peqlab Biotechnologie GmbH, Erlangen, Germany) and electroporated 
with the Gene Pulser II electroporator (Bio-Rad Laboratories GmbH, Munich, Germany) set at 200 
Ω, 25 µF, 2.4 kV, to give a typical time constant of 4.95 ms. Cells were immediately rescued with 1 
mL LB and incubated with shaking at 37 °C for 1 hour. Subsequently, 300 µL of the cell culture was 
plated on LB agar (15g agar/liter LB) supplemented with kanamycin (Kan, 50 µg/µL), along with 
additional screening substrate for the specific gene product under investigation. Plates were incubated 
at 37 °C to grow, and later transferred to 30 °C up to 12 days for activity-based screening. 
3.3.1.3 Plasmid DNA extraction and restriction analysis 
Preparation of plasmid DNA from potential positive colonies (displaying halos on agar plates) was 
performed by selecting potential clones and culturing them overnight in 5 mL LB at 37 °C on a shaking 
incubator. Subsequently, plasmid DNA was extracted by using the NucleoSpin II kit (Macherey Nagel 
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GmbH Co. KG, Düren, Germany), as directed by the manufacturer. Restriction analysis of plasmid 
DNA was performed with the restriction endonuclease EcoRI (MBI Fermentas, St Leon Rot, 
Germany) to release the cloned fragment. Reactions were performed in 10 µL volumes (1 µL of 10-
fold EcoRI buffer, 0.5 µL EcoRI, 70 – 170 ng plasmid DNA, made to volume with dH2O) and 
incubated for 2 h at 37 °C and analyzed by agarose gel electrophoresis as described in 3.3.1.  
3.3.2 Function-based screening 
3.3.2. 1 Construction of metagenomic plasmid libraries 
Short-insert plasmid libraries were constructed using microbial environmental DNA from soils in the 
litter and horizon layers in the Hainich national park (Figure 2.1), according to the procedure described 
by Nacke et al., (Nacke et al., 2011). For each library, environmental DNA was isolated from 10 g of 
soil using the MoBio Power Max Soil DNA extraction kit (MoBio Laboratories, Carlsbad, CA, USA), 
as directed by the manufacturer, with the exception that the bead-beating step was doubled to increase 
DNA fragmentation. Agarose gel electrophoresis was used to resolve fragments ranging between 3 – 
8 kb, which were subsequently purified with the PeqGold Gel Extraction kit (PEQLAB 
Biotechnologie GmbH). Blunt-end polishing of purified fragments was performed with T4 DNA 
polymerase (MBI Fermentas), as directed by the manufacturer. Subsequently, DNA fragments were 
purified by using SureClean solution (Bioline GmbH, Luckenwalde, Germany) with the following 
modifications to improve DNA precipitation: incubation and centrifugation steps were increased to 
30 min and 1 h, respectively. Fragments were resuspended in 35 µL dH2O. To facilitate TA cloning, 
deoxyadenine (dATP) was added to 3’ termini by adding the resuspended DNA (35 µL) to 7 µL of 
10-fold Taq DNA polymerase buffer (MBI Fermentas), 6 µL MgCl2 (of 25 mM), 1 µL dATP (100mM) 
solution, 1µL Taq DNA polymerase (5 U), and 20 µL dH2O. The reaction was incubated at 72 °C for 
30 min, purified with SureClean solution as previously described and resuspended in 15 µL dH2O. 
The purified fragments were dephosphorylated by using Antarctic phosphatase (New England 
Biolabs, Ipswich, MA, USA), according to manufacturer directions. Resulting DNA fragments were 
ligated into pCR-TOPO-XL via complementary TA cloning using the TOPO XL PCR cloning kit 
(Invitrogen GmbH, Karlsruhe, Germany), according to manufacturer directions. Recombinant 
plasmids were used to transform competent E. coli DH5α, as described in 3.3.1. Transformants were 
plated onto selective plates for activity-based screening, described blow. 
3.3.2.2 Screening of lignocellulolytic enzymes 
All activity-based screening was performed on LBKan agar plates (50 µg/µL), using E. coli DH5α as a 
host strain. Agar plates were supplemented with guaiacol (0.01 % v/v), tributyrin (1 % v/v) to screen 
for laccase and lipolytic activity, respectively. To screen for potential xylanase ad cellulose activity, 
approximately 0.165 g (dissolved in 2 mL ethanol) of AZCL-Xylan and AZCL-HE-Cellulose 
(Megazyme International, Ireland) per liter LB were used, respectively. Inoculated plates were 
incubated as described in 3.3.1 and activity was monitored through the formation of zones of 
(dis)coloration around potentially positive clones. That is, a brown ring of oxidation was expected 
around potential laccase-positive colonies, clear zones around lipolytic colonies, and blue rings around 
cellulose and xylanase-positive colonies.  
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3.3.2.3 Sequence analysis 
Recombinant plasmids were prepared from potentially positive clones as described in section 3.3.1 
and sequenced by the Göttingen Genomics Laboratory (Göttingen, Germany). Open reading frames 
(ORFs) were predicted from sequenced inserts with ORFinder 
(https://www.ncbi.nlm.nih.gov/orffinder/), FramePlot 4.0beta (http://nocardia.nih.go.jp/fp4/)  
and SignalIP 4.0 (http://www.cbs.dtu.dk/services/SignalP/) , by locating the presence of potential 
start and stop codons, signal peptides, and ribosomal binding sites (RBS) (Altschul et al., 1990; 
Petersen et al., 2011). Sequence similarity with existing proteins were performed by comparing amino 
acid sequences using the BLASTp suite (https://blast.ncbi.nlm.nih.gov/Blast.cgi) of the Basic Local 
Alignment Tool (BLAST) (Altschul et al., 1990). Multiple sequence alignment of amino acid sequences 
homologous to putative functional ORFs were retrieved from the National Center for Biotechnology 
Information (NCBI) database and aligned using MUSCLE (Edgar, 2004). Annotation of aligned 
sequences was performed with EsPript 3.0 (Robert and Gouet, 2014). Additional parameters were 
calculated with the ProtParam tool at Expasy (Gasteiger, E. et al., 2005).  
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3.4 Results and discussion 
3.4.1 Construction metagenomic plasmid libraries 
Environmental microbial DNA from forest soil was used for functional screening of lignocellulolytic 
activity by constructing short-insert metagenomic libraries. Six plasmid libraries were constructed and 
used to screen for potential lipolytic, laccase, xylanase and cellulose activity. A full description of 
plasmid library properties is provided in Table 3. 1. 
Table 3. 1 Properties of short-insert plasmid libraries. All samples derived from a beech mono stand 
(plot 10) from litter (L) and horizon A (H) layers. Samples were collected in spring (Sp), summer (Su) 
and autumn (Au) from the Hainich National park. All inserts were cloned in the pCR-XL-TOPO vector 
(Invitrogen). Average insert size is based on the average insert sizes of 20 positive clones from each 
library. 
Library Number 
of clones 
Average 
insert size (kb) 
Insert 
frequency (%) 
Estimated 
library size (kb) 
SpH10 
SpL10 
10,379 
22,048 
5.5 
1.6 
86 
64 
51.3 
22.2 
SuH10 
SuL10 
40,066 
38,400 
4.5 
3.4 
82 
85 
146.6 
110.6 
AuH10 
AuL10 
28,289 
98,914 
4.6 
2.1 
86 
83 
110.9 
170.3 
 
The resulting plasmid libraries contained 10,379 – 98,914 clones, which represents successful library 
construction considering the high insert frequency (> 80 %). Comparable results in clone numbers 
have been reported for metagenomic plasmid libraries (Berlemont et al., 2013; Steele et al., 2009). As 
plasmids have a small insert carrying capacity (< 10 kb), average insert size in the constructed libraries 
followed this trend, ranging from 1.6 – 5.5. kb (Henne et al., 2000). The likelihood of isolating intact 
genes, entire operons or even gene clusters increases with insert size and increases the potential 
diversity of the library (Kakirde et al., 2010). Nacke et al. (2011) constructed a plasmid library from 
forest soil, with a large insert size (9.4 kb) and high insert frequency (96 %); confirming that insert size 
did not affect insert frequency. Nevertheless, it is possible to obtain full genes encoding smaller 
proteins (such as lipolytic, amylolytic or antibiotic resistance genes) with the plasmid libraries 
constructed here (Yun et al., 2004).  
3.4.2 Screening for lignocellulolytic enzymes 
Metagenomic libraries were subjected to activity-based screening for lignocellulolytic activity, which 
is expected to be abundant in forest soils, by using selective substrates on agar plates. 
3.4.2.1 Lipolytic activity 
Lipolytic activity was detected via the formation of rings around colonies on turbid tributyrin agar 
(Figure 3. 3), indicating substrate hydrolysis by potential lipases or esterases. Plasmid preparations 
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from clones harboring activity were analyzed by restriction analysis and sequenced further to 
determine the nature of the activity-inducing insert.  
 
Figure 3. 3 Potential lipolytic activity resulting in zones of clearance around E. coli DH5α clones 
(indicated by a black arrow), conferred by metagenomic insert.   
Functional screening recovered 41 bacterial clones with potential lipolytic activity (Table 3.2). Insert 
size for these clones ranged from 1,350 – 7,250 bp, and demonstrates the range of lipase-encoding 
genes, which falls in this range (Sudan and Vakhlu, 2013). Interestingly, most positive clones were 
detected in libraries from the summer (32 clones) plasmid libraries, compared to spring (5 clones) and 
autumn (4 clones) libraries. The effect of season, and indeed other environmental factors, has not 
been shown to affect activity-based screening; nevertheless, it is possible that since environmental 
patterns affect bacterial function, such factors also contribute to cloning bias in metagenomic libraries.  
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Table 3. 2 Table of potential lipolytic clones from a forest soil metagenomic library. Restriction 
fragments were generated with EcoRI. Gene fragments are named after bacterial clones from which 
they were isolated. Bacterial clones are named after the screening plates on which they were first 
detected and has no nomeclature significance. 
Library Fragment Restriction fragments (bp) Total size (bp) 
SuL10 
3 750 2800 
   
3550 
5 750 2800 
   
3550 
18 750 2800 
   
3550 
27 300 375 600 1700 3000 5975 
49 1100 2200 
   
3300 
51 750 2800 
   
3550 
53 300 375 600 1700 3000 5975 
72 1000 2800 3000 
  
6800 
81 300 375 600 2000 3000 6275 
85 250 1500 3200 
  
4950 
86 750 2800 
   
3550 
54_1 750 2800 
   
3550 
54_2 750 2800 
   
3550 
54_3 2100 
    
2100 
61_1 1350 
    
1350 
61_2 250 1500 3200 
  
4950 
61_2 1350 
    
1350 
61_3 750 3000 
   
3750 
SuH10 
1 1750 3000 
   
4750 
2 200 1150 3000 
  
4350 
3 250 1700 
   
1950 
4 200 1150 3000 
  
4350 
5 1000 2000 3200 
  
6200 
6 1600 
    
1600 
7 250 1000 3000 
  
4250 
8 750 1500 4000 
  
6250 
10 600 800 900 1500 
 
3800 
11 4500 
    
4500 
17 250 500 4000 
  
4750 
23 200 1150 3000 
  
4350 
24 1000 1500 1750 
  
4250 
25 200 1150 3000 
  
4350 
SprH10 1 250 3000 4000 
  
7250 
SprL10 
1 2250 
    
2250 
2 2250 
    
2250 
3 2250 
    
2250 
5 750 900 1750 
  
3400 
AuH10 
1 1200 4500 
   
5700 
2 1900 
    
1900 
4 600 2700 
   
3300 
5 1000 5000 
   
6000 
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Two lipolytic inserts from the SuL10 library were completely sequenced. Subsequent analysis revealed 
an ORF in each insert, putatively named Lip3 and Lip49 (Figure 3. 4).  Respectively, the genes encode 
445 aa (1338 bp) and 230 aa (693 bp) polypeptides of approximately 48 kDa and 24 kDa. Both genes 
lack upstream RBS, indicating that protein translation is, to an extent, facilitated by mRNA secondary 
structure (Babitzke and O’Connor, 2017; Scharff et al., 2011). No signal peptide sequences in insert 
sequences were observed and may reveal Lip3 and Lip49 to be intracellular proteins, which has been 
reported in esterases and lipases (Javed et al., 2018); however, these could be present in upstream 
translation sequences, which are absent. 
 
Figure 3. 4. Lipolytic inserts for Lip3 and Lip49 from a metagenomic library derived from forest soil. 
Elements (gray) of pCR-TOPO-XL plasmid form the backbone. Inserts from eDNA (orange) are shown 
with predicted ORFs for Lip3 (green) and Lip49 (yellow). Direction of ORF indicates the reading frame 
of the protein. Restriction sites for EcoRI, used for size determination, are shown. 
Searches conducted with BLAST reveal that proteins closely related to Lip3 and Lip49 belong to the 
esterase and lipase families in the α/β hydrolase superfamily. The highest sequence similarity ranged 
between 54 % and 63 % (for Lip3 and Lip49, respectively), indicating that the lipases may encode 
novel lipolytic proteins (Table 3.3). Closest related organisms generally belong the Rhizobiales order of 
Proteobacteria. Exceptions were Variovorax and Sphingomonas, which belong to Burkholderiales and 
Sphingomonadales. Given that these taxa are commonly associated with plant and soil environments 
(Laforest-Lapointe et al., 2016; Romanowicz et al., 2016), it follows that Lip3 and Lip49 are expressed 
by similar bacteria from soil. Alphaproteobacteria was one of the dominant taxa in our taxonomic 
datasets, therefore it is not unexpected that functional genes also derive from this group. 
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Table 3. 3 BLAST results showing genes and corresponding organisms closely related to putative 
genes Lip3 and Lip49, derived from a forest soil metagenomic library.  
Gene Related protein  
(Accession no.) 
Organism Query  
Cover (%) 
E-value Identity  
(%) 
Lip3 Lipase 
(WP_082609956.1) 
Bosea sp. Root381 80 5.19e-107 54 
Lipase 
(WP_083533159.1) 
Bosea sp. WAO 86 4.31e-114 53 
Lipase 
(KUL95949.1) 
Bosea sp. WAO 87 2.62e-114 52 
Secretory lipase 
(SDS98718.1) 
Bradyrhizobium canariense 80 6.24e-108 52 
Lipase 
(WP_093381944.1) 
Variovorax sp. OV329 80 2.16e-96 52 
Lip49 Phospholipase 
(OJU56621.1) 
Unclassified 
Alphaproteobacteria 
98 1.25e-91 63 
Phospholipase 
(OJU11202.1) 
Unclassified 
Alphaproteobacteria 
94 3.97e-84 60 
Esterase 
(WP_093450422.1) 
Sphingomonas YR710 90 7.12e-72 60 
Phospholipase 
(WP_012110540.1) 
Parvibaculum lavamentivorans 92 5.52e-82 59 
Hypothetical protein 
(WP_020187305.1) 
Methylopila sp. 73B 93 1.93e-78 59 
 
Lip3 and Lip49 share key conserved sequences with their corresponding close relatives (Figure 3. 5). 
The catalytic serine (Ser 228) in Lip3 occurs in the conserved motif GHSQG, while Ser 113 in Lip49 is 
found within GFSQG. The catalytic triad also consist of conserved aspartate (Asp) and histidine (His) 
residues for Lip3 (Asp 366, His 398) and Lip49 (Asp 113, His 195), respectively. Lip3 could be a true lipase 
from Family I, according to the original classification by Arpigny and Jaegger (1999) as the GHSQG 
motif was identified in this family. However, as the number of esterase families has grown, the motif 
was since identified in newer non-canonical esterase families (Family VII and Family 14) (Elend et al., 
2006; Zarafeta et al., 2016). Lip49 has the GFSQG motif which is found in classical Family VI 
esterases, which catalyse short chain carbon substrates; however, little is known about their catalytic 
spectrum (Arpigny and Jaeger, 1999; Nacke et al., 2011). Further experiments to determine the 
substrate affinity of proteins encoded by Lip3 and Lip49 are required to confirm whether the proteins 
belong in their respective families.  
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Figure 3. 5. Multiple sequence alignment of Lip3 and Lip49 showing conserved sequence blocks with 
closely related esterases. Conserved residues have a black background. For Lip3, conserved 
sequences not present in EstZ3 have a gray background. Potential residues for oxyanion holes are 
marked with filled circles. Catalytic triad residues are marked by filled triangles. Catalytic aspartate 
and histidine residues in EstZ3 are marked with filled stars. In addition to the closest related protein, 
a representative of each family of esterases was included, based on the classification scheme 
outlined by Arpigny and Jaegger (1999).  
3.4.2.2 Further screening for lignocellulolytic function 
Activity-based screening conducted for laccase, xylanase and cellulases did not yield positive clones. 
The limitations encountered are generally unrelated to the lack of the corresponding genes in the soil 
environment, as function-based screening is not an indicator of abundance (Sudan and Vakhlu, 2013). 
Several, interdependent factors such as cloning host/vector compatibility, protein expression quality 
and quality of source environmental DNA can introduce heavy bias in the process (Gaida et al., 2015; 
Uchiyama and Miyazaki, 2009). Prospects for improving gene-discovery from the forest environment 
would involve construction of larger insert libraries in fosmids which have a higher carrying capacity 
(Nacke et al., 2012), and experimenting with other bacterial hosts (Cheng et al., 2014; Lam et al., 2015). 
Despite the absence of a diverse range of lignocellulolytic genes in this study, a function-based 
approach was successful in the isolation of several potential lipolytic clones and identification of novel 
lipase and carboxylesterase genes.   
65 
 
Chapter 4 
Chapter 4: A novel, versatile family IV 
carboxylesterase exhibits high stability and 
activity in a broad pH spectrum 
Amélie Dukunde1, Dominik Schneider1, Mingji Lu1, Silija Brady1,2, Rolf Daniel1 
 
 
 
 
 
 
 
 
 
 
 
 
4.1 Publication 
Part of this chapter is published in:  
Dukunde, A., Schneider, D., Brady, S., Daniel, R. (2017). A novel, versatile family IV carboxylesterase 
exhibits high stability and activity in a broad pH spectrum. Biotechnol Lett 39: 577 – 587 
 
Author contributions: 
Conceived and designed the experiments: AD, SB, RD 
Performed the experiments: AD 
Analysed the results: AD, ML 
Wrote the publication: AD, DS, RD 
66 
 
 
67 
 
 
68 
 
 
69 
 
 
70 
 
 
71 
 
 
72 
 
 
73 
 
 
74 
 
 
75 
 
 
76 
 
 
77 
 
The following section contains supplementary information from Dukunde et al. (2017) Biotechnol 
Lett 39: 577 – 587. 
4.2 Supporting material  
 
 
  
78 
 
 
  
79 
 
 
  
80 
 
 
  
81 
 
 
82 
 
Chapter 5 
Chapter 5: Summary 
Forest ecosystems provide an important contribution to global carbon storage through processes 
mediated by trees. As the dominant forest vegetation, trees largely drive primary productivity and 
mediate the flow of aboveground and belowground carbon stocks. Subsequently, microbial 
communities rely on trees to carry out important ecosystem processes, such as nutrient cycling, 
through the decomposition of organic matter and metabolism of root exudates (Figure 1.3, page 12). 
Therefore, understanding how trees shape microbial community structure can improving the ability 
to predict ecosystem responses to environmental disturbance. Metagenomics remains a powerful tool 
for describing the ecology of microbial communities as it is possible to access taxonomic and 
functional information at the level of individual taxa. The following thesis examined the taxonomic 
structure and functional potential of soil bacterial communities in a temperate deciduous forest by 
employing a metagenomic approach.  
In chapter 2, soil samples were collected from the A horizon of mono and mixed stands of beech, 
hornbeam, lime, and oak in spring, summer and autumn. Subsequently, amplicon-based analysis of 
16S rRNA genes and transcripts revealed that the total (DNA-based) and potentially active (RNA-
based) soil bacterial communities significantly responded to tree species identity (mono stands) and 
to a lesser extent, to tree species richness (mixed stands) (Figure 2.2, page 26). Members of Rhizobiales 
and Rhodospirillales (Proteobacteria), Gaiellales, Frankiales, and Solirubrobacterales (Actinobacteria) and 
Bacteroidetes were more abundant in nutrient-enriched lime and hornbeam mono stands. In contrast, 
Acidobacteriales and Solibacterales (Acidobacteria), and Xanthomonadales (Proteobacteria) exhibited a strong 
association for nutrient-reduced soils under beech and oak mono stands (Figure 2.4 and Figure S2.3, 
pages 31 and 41, respectively). Moreover, soil C/N ratio, pH and P content exhibited significant 
impact on soil bacterial communities and were attributed to direct and indirect effects of forest stands. 
Trees possess several species-dependent traits, including leaf litter quality and fine root biomass, which 
bring out changes in soil chemistry. Prediction of metabolic functions with Tax4Fun revealed that 
metabolic functions related to C fixation and degradation, and N metabolism responded significantly 
to seasonality, rather than tree species (Figure 2.6, page 33). Both processes were significantly 
abundant in spring, while C degradation gene abundances increased from summer to autumn, 
corresponding to periods of increased litterfall and decomposition.  
Forests also generate several ecosystem services that are important to society and in chapter 3, activity-
based functional screening of metagenomic libraries was conducted. Short insert plasmid libraries were 
constructed successfully using environmental DNA derived from forest soils screened for 
lignocellulolytic activity (Table 3.1, page 59). Two clones, Lip3 and Lip49, exhibited lipolytic activity 
on nutrient agar supplemented with tributyrin. Sequence analyses showed that Lip3 and Lip49 genes 
share 54 % and 63 % similarity, respectively, with closely related esterase genes (Table 3.3, page 63). 
The results indicate that Lip 3 and Lip49 encode potentially novel lipolytic proteins. Conserved 
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sequence blocks both genes include residues forming the catalytic triad (Ser, His and Asp) and possible 
oxyanion holes (Figure 3.5, page 64). Lip3 has a conserved GHSQG motif, which is commonly found 
in true lipases of Family I. However, Lip 49 has GFSQG motif and reveals it to belong to Family VI 
carboxylesterases. 
In chapter 4, purification and characterisation of a metagenome-derived esterase, Est06, was 
conducted. Est06 is a novel 31 kDa carboxylesterase from Family IV, or hormone sensitive lipase 
(HSL) family (Fig. 1, page 70). As all bacterial HSL esterases, Est06 showed high affinity for acyl esters 
with short-chain fatty acids. Est06 exhibited optimum enzymatic activity at 50 °C and pH 7 with p-
nitrophenyl valerate (C5) substrate. Interestingly, Est06 retained most of its activity below 30 °C over 
13 days and showed high catalytic stability between pH 5 and pH 9 (Fig. 4, page 72). This is 
considerably higher stability than reported for other Family IV carboxyl esterases. Additionally, Est06 
was not inhibited by metal ions (Fig. 5, page 73). These properties make Est06 an desirable candidate 
in low temperature industrial applications, such as detergent manufacture and bioremediation. The 
results of this work highlight soil bacterial community responses to forest stands and provide potential 
tools to recover bacterial-derived biocatalysts with industrial applications. 
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Appendices 
List of non-standard abbreviations 
ANOVA Analysis of variance 
ANOSIM Analysis of similarities 
PERMANOVA Permutational multivariate analysis of variance 
OTU Operational taxonomic unit 
NMDS Non-metric multidimensional scaling 
cDNA/eDNA Complementary DNA/environmental DNA 
RBS Ribosomal binding site 
CAZymes Carbohydrate active enzymes 
ORF Open reading frame 
ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 
 
Nucleobases 
A Adenine 
C Cytosine 
G Guanine 
T Thymine 
 
Amino acids 
Ala (A) Alanine Asp (D) Aspartic acid 
Asn (N) Asparagine Gln (Q) Glutamine 
Cys (C) Cysteine Gly (G) Glycine 
Glu (E) Glutamic acid Ile (I) Isoleucine 
His (H) Histidine Lys (K) Lysine 
Leu (L) Leucine Phe (F) Phenylalanine 
Met (M) Methionine Ser (S) Serine 
Pro (P) Proline Trp (W) Tryptophan 
Thr (T) Threonine Val (V) Valine 
Tyr (Y) Tyrosine X Any amino acid 
Arg (R) Arginine 
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